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AFFDL-TR-70-128 

FOREWORD 

The study of aircraft antiskid performance and system 
compatibility reported herein was performed by the Fort 
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Air Force Contract No. F33615-70-C-1004. The contract was 
initiated under Project No. 1369 "Mechanical Subsystems for 
Advanced Military Flight Vehicles" and Task No. 136910 
"Steering and Deceleration Subsystems for Advanced Military 
Flight Vehicles." This study was administered under the 
direction of the Air Force Flight Dynamics Laboratory, Mr. 
Paul M. Wagner (FEM), Project Engineer. 

This report describes work conducted during the period 
from August 1969 to August 1970. The study was performed 
under the project leadership of Mr. R. C. Churchill. The 
General Dynamics Report Number is FZM-5560. The authors 
wish tc acknowledge the assistance of Mr. R. C. Barron, 
Mr. C. W. Austin and Mrs. L. J.Schnacke for their efforts 
in analog and digital computer programing. 

The authors wish to thank Mr. Wagner for his guidance 
and assistance throughout the program. The cooperation of 
the Antiskid Engineering Department of the Goodyear Aero- 
space Corporation is also acknowledged. This report was 
submitted by the authors in September 1970. 

Publication of this technical report does not consti- 
tute Air Force approval of the report's findings or con- 
clusions.  It is published only for ehe exchange and stimu- 
lation of ideas. 

sc. i\/- ^w^ 
KENNERLY H. DIGGES 
Chief, Mechanical Branch 
Vehicle Equipment Division 
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ABSTRACT 

The operation of an aircraft antiskid wheel brake 
control system has the potential for producing adverse 
aircraft dynamic behavior and structural damage. Antiskid 
operation is also a major influence upon stopping perfor- 
mance. Unless the characteristics and effects of antiskid 
operation can be defined, an aircraft's capability for 
safe, reliable and economical accomplishment of its inten- 
ded usage cannot be assured. This report presents an 
analysis procedure for predicting antiskid operational 
characteristics and the inter-related effects upon the 
aircraft and its performance. The analytical procedure 
is the development of mathematical equations for a com- 
prehensive description of the antiskid system components, 
the significantly influencing aircraft systems and the 
characteristics of the surface upon which the aircraft is 
operating. The mathematical description includes such con- 
siderations as landing gear dynamics, tire elasticity, 
brake torque response characteristics, antiskid electronic 
circuitry, brake hydraulic control system dynamics, runway 
surface profile and tire-to-runway friction characteristics 
Both on-off and ••modulated" antiskid systems are analyzed. 
Procedures for quantitative evaluation of the influencing 
parameters and examples of their usage a*.e  also presented. 
The implementation of the analytical prediction procedure 
by simultaneous solution of all the mathematical equations 
on an electronic computer is described. 
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SECTION I 

INTRODUCTION 

An antiskid system is provided as a part of the landing 
gear wheel brake control system of most large aircraft, 
particularly those having full power brake actuation. 
Aircraft operational experience has shown that an anti- 
skid system is required because there are many occasions 
where the maximum available friction force between the 
tires and runway surface is insufficient to react the 
applied brake torque. For cpses  where excessive brake 
torque is applied the antiskid system functions to control 
tire motion 30 thaf ^kids are prevented and so that the 
associated problems and hazardous circumstances which are 
detrimental to safe, predictable and economical aircraft 
operation are avoided. The antiskid function is accom- 
plished by a group of ancillary components which provide 
an automatic means for detecting arid alleviating an 
incipient tire skid condition by controlling brake torque. 
An incipient skid is alleviated by temporarily reducing 
brake torque to a value less than the torque being produced 
by the friction force at the tire-runway interface. Brake 
torque reduction is sustained for a time interval of suf- 
ficient duration to allow the wheel to regain speed. After 
the wheel has regained speed, brake torque is reapplied. 

The reduction and subsequent reapplication of brake 
torque results in an oscillatory braking force being applied 
to the airplane. This oscillatory force has the potential 
for causing adverse dynamic loading of the airplane struc- 
ture, for causing directional control difficulty and for 
degrading the aircraft's stopping performance. Therefore, 
the antiskid system must control tire motion in a way such 
that objectionable or unsafe conditions other than those 
related to tire skidding are not incurred. The need for 
evaluating the potentially deleterious effects of an oscil- 
latory braking force is now recognized because there have 
been a number of instances where failure to do so has 
resulted in severe operational difficulty and in some cases 
catastrophic landing gear failure. 

The objective of this study is to develop analytical 
procedures and techniques for predicting aircraft antiskid 
operational behavior and its effects. These analysis 



techniques are intended to help overcome some of the pre- 
viously experienced problems or uncertainties and to 
provide a foundation for a comprehensive evaluation of 
aircraft antiskid performance and total system compati- 
bility. It is also intended that these procedures be 
capable of application during the conceptual design phase 
of new airplanes. In the initial design of a new airplane 
the capabilities of various candidate equipment which might 
be used for stopping during the landing sequence or 
rejected takeoff should be evaluated with respect to the 
airplane's mission requirements. Factors such as stopping 
performance, weight, cost and reliability should be consi- 
dered when the influence of the braking equipment is being 
examined to establish the overall effect upon the aircraft's 
configuration. In such an evaluation, the performance of 
the wheel braking system, including any applicable antiskid 
equipment, is a major consideration. Use of an analysis 
procedure whereby the effects of antiskid operation can be 
accurately predicted provides the means for minimising the 
technical and financial risks of both the aircraft manu- 
facturer and the aircraft user. Inaccurately predicting 
the wheel braking system's performance can result in an 
airplane design unsuited for its intended usage, a costly 
redesign program, or both. 

This study mathematically describes the physical oper- 
ation of antiskid equipment in conjunction with the airplane 
and its other applicable components.  The basis of the 
mathematical relationships is the description of actual 
(or conceivable) hardware behavior rather than a compilation 
of equations relating various parameters in a desirable or 
compatible manner without regard to detail design features. 
This approach is taken to assure all influencing parameters 
are accounted for and to provide criteria for equipment 
detail design and test.  Also, by examining the individual 
component behavior, the evaluation can include such consid- 
erations as cost and weight along with performance charac- 
teristics. 

The essence of antiskid operation is the cumulative 
effect of a number of successive events, where the inter- 
vening occurrences and outcome of each is influenced by and 
dependent upon the conditions resulting from preceding 
events.  Since these events occur quite rapidly and involve 
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the behavior of the aircraft and many of its components, 
the instantaneous condition of a very large number of 
variables must be continually maintained with high accuracy 
so that they are available when needed. Consequently, one 
of the major problems associated with analyzing antiskid 
operation is the magnitude of the computation task. It 
will be noted that the study has analytical components 
encompassing several engineering and scientific disciplines 
such as electronics, aerodynamics, mechanics and hydraulics. 
Each of the individual analytical components is often 
deserving of considerable more elaborate and complete 
treatment. However, to provide an economically feasible 
and comprehensible composite solution, the scope of the 
individual analytical components has been limited to account 
for only those effects or influencing factors which are of 
traditional interest and which are required to achieve 
reasonable agreement between observed operational behavior 
and analytical results. 



SECTION II 

ANALYTICAL APPROACH 

The analytical approach of this study is directed 
toward predicting the existence of adverse circumstances 
which have caused various problems in the past and toward 
providing information which is typically needed to estab- 
lish detail design criteria and to define aircraft operating 
procedures.  Specific consideration is given to providing 
the means for: 

(a) Establishing the magnitude and frequency of dynamic 
loading applied to the landing gear. 

(b) Establishing the value of the braking force which can 
be predictably and dependably achieved for various 
runway surface and aircraft operating conditions. 

(c) Determining individual component a^d system operational 
characteristics which are required so that overall 
aircraft performance objectives are achieved. 

(d) Establishing the effects of varying performance 
characterisrics of individual components within the 
brake control system to assure no incompatibilities 
exist. 

1.  PROBLEM DEFINITION 

Figure 1  is a block diagram showing the typical 
arrangement of an antiskid system and its relationship 
within the total aircraft system.  This arrangement is 
representative of most antiskid systems in current use 
and the various types of airplanes on which they are 
installed.  The major components, the significant forces 
and their controlling elements are shown for a single 
wheel main gear configuration of a nose wheel type air- 
plane which is the usual case for fighter type aircraft. 
For airplanes having multiple wheeled landing gears and/or 
multiple landing gears the same basic relationships prevail 
with the addition of similar type components as appropriate. 
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Antiskid systems usually operate by measuring a 
wheel*& motion, comparing the measurement to an index 
of acceptability and causing brake torque to be decreased 
or increased in accordance with some function of the dif- 
ference between the measured motion and comparison index. 
A detailed description of the operational behavior and 
influence of the individual elements is presented in 
Section III. 

Since antiskid operation is basically the control of 
tire motion and since the motion of a tire is determined 
by the forces imposed (the same as for any other object) 
the study of antiskid operation resolves itself into (1) 
defining the forces on the tire and wheel and (2) estab- 
lishing the resultant effects of these forces. It is 
easily observed that the forces acting upon an airplane 
tire and wheel are the forces between the tire tread and 
runway surface and the forces from the airplane's landing 
gear and brake. The values of these forces are established 
by the wheel's relative position and relative motion with 
respect to the runway surface and to the airplane. The 
wheel's relative motion and position is determined by con- 
sidering simultaneous and interrelated actions of the 
aircraft and a number of its systems. The effects of the 
following parameters are considered in this study. 

(a) 
(b) 
(c) 

(e) 
(f) 
(g) 
(h) 

(i) 

Tire circumferential deformation and its rate 
Tire radial deformation and its rate 
Brake torque as a function of velocity, the brake's 
inertia, and actuation pressure 
Brake actuation pressure as a function of the 
actuation media's compressibility and inertia, line 
restrictions and elasticity, variable flow areas 
within valves and the actuation media's containment 
vessels' (lines, brake housing, valve bodies) volume 
Elastic and inertia properties of the landing gear 
Aerodynamic forces upon the airplane 
Runway surface profile 
Tire-to-runway friction coefficient as a function of 
relative velocity and runway surface condition 
including hydroplaning effects 
The aircraft's inertia and control surface position 
including stability augmentation system effects. 
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2.  BACKGROUND 

During the initial design and system development phase 
for most new aircraft, it has become a customary practice 
to analyze antiskid operation to define its effects and 
thereby assure compliance with the airplane's stopping 
performance objectives and assure adverse dynamic loading 
conditions or directional control problems will not be 
encountered. These analyses have usually been accomplished 
by utilizing a set-up composed of hardware representative 
of aircraft components interfaced with an electronic com- 
puter (most often an analog computer).  The computer is 
used to solve mathematical equations describing the motion 
of the aircraft and the landing gear, forces on the air- 
craft, tire and wheel motion and tire-to-runway friction, 
etc. The actual behavior of a laboratory set-up including 
such components as the antiskid control circuit, hydraulic 
brake valves and interconnecting lines is measured by 
suitable instrumentation and fed into the computer to obtain 
a composite solution. This analysis procedure is used 
because a complete mathematical computer setup requires 
greater computer capacity than is usually available and 
because an accurate mathematical description for some com- 
ponents such as the electronic antiskid control circuit is 
often unavailable. 

Some antiskid analyses have been performed using an 
"all mathematical11 approach; however, these have usually 
been associated with academic endeavors or a comparative 
evaluation of a specific device and did not account for 
all of the known significant influencing parameters and 
constraints for an actual aircraft antiskid sytem instal- 
lation. While the hybrid hardware-computer analyses have 
often satisfied their objectives, several factors have led 
to a number of uncertainties for which the bounds are not 
adequately established, either because of great difficulty 
and expense or because of inadequate knowledge.  These 
uncertainties tend to obscure the analysis results and 
generally detract from their credibility.  The most signi- 
ficant factor causing uncertainty is that the usual 
definition for the friction force between the tire and 
runway surface does not account for all the observed 
variations.  A second factor is the analytical limitations 
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associated with the use of actual hardware.  The use of 
actual hardware dictates that the analysis be performed 
"real time" and complicates or prevents examination of 
some parameter variations. Since some parameters have 
a very high rate of variation with res; °ct to time, the 
outputs from a "real time" solution can ue extremely 
difficult to observe and interpret. Also, the instru- 
mentation used to interface the hardware with the computer 
introduces additional variables to an otherwise very 
complex system. This study is intended to provide the 
means for overcoming these problems and for minimizing 
uncertainty. 

3.  ANALYTICAL PROCEDURE AND RATIONALE 

The evaluation of antiskid operation is conducted 
using a modular analysis technique whereby the problem is 
divided into a number of modules or component parts, each 
having defined inputs and outputs such that the outputs 
from one or more components are provided as inputs to other 
components.  By combining all the analytical components, a 
composite simultaneous solution is obtained. The analytical 
modules are formulated so as to correspond to various air- 
craft components or systems. The modules can be arranged 
in a number of combinations representative of a variety of 
aircraft configurations.  In addition, the modular approach 
allows maximum computation flexibility in that changes can 
be made within individual modules without affecting the 
overall analysis program. The predominate influencing 
factors governing the choice of each analytical component's 
content and treatment are experience and judgment as to the 
degree of detail which is required to accurately establish 
the timing or relative sequence of significant events,  hach 
analytical module is formulated so that particular effects 
or circumstances can be examined and so that its outputs 
will supply the information needed as inputs to other modules 
It will be noted that some relatively insignificant para- 
meters must be considered to achieve mathematical continuity. 
To exemplify the analysis procedure antiskid operation for 
a fighter type aircraft having a single wheel main landing 
gear arrangement is evaluated. All of the analytical com- 
ponents, except for the antiskid control circuit, are 
expressed in general terms and could be applied to almost 
any airplane. The antiskid control circuits considered are 
those specifically utilized on the F104 and the F-lll. 
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For the case of the F-104 on-off antiskid control circuit, 
the wheel speed input signal is arbitrarily adjusted to 
account for the difference between the F-104 and F-lll 
tire sizes« All parameter values used to prove the validity 
of the analysis procedures are those associated with the 
F-lll airplane so that the analytical results can be com- 
pared to available records of actual aircraft operation. 
To analyze other control circuits will require that their 
mathematical models be formulated and incorporated in the 
composite solution. The detail assumptions and procedures 
for establishing parameter values are presented in 
Section III within the description of each analytical 
module. 
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4.  PARAMETER INVESTIGATIONS 

The basic intent of this study is to account for the 
influence of parameters and effects which have been 
identified'as responsible for previously experienced 
operational difficulties or which are otherwise known 
to significantly affect antiskid performance. Such 
items as tire radial and circumferential spring rate, 
the characteristics of brake torque variations with 
velocity and actuation pressure, brake chatter and 
squeal, hydraulic system response as affected by line- 
sizes, component flow restrictions and metering valve 
characteristics, the airplane's response to aerodynamic 
forces and runway roughness, landing gear elastic 
characteristics and the characteristic of the tire-to- 
runway friction force variations are given particular 
attention. The treatment of most parameters is that 
which experience has proven gives satisfactory results. 
However, to overcome some previous antiskid evaluation 
analytical difficulties associated with tire-to-ranway 
friction and hydraulic system operation and to examine 
tine effects of brake chatter and squeal, some prelimi- 
nary investigations were conducted. 

A. Brake Investigation 

Since an antiskid system controls brake torque 
implicitly by controlling brake application pres- 
sure, the hysteresis in the brake's torque response 
to pressure changes must be accounted for. This 
hysteresis results from inertia of the brake moving 
parts, friction forces on the actuating pistons due 
to hydraulic seals and piston Lide loading, and 
from friction in the splined connections between 
the brake discs and the wheel and between the 
discs and the torque tube. To evaluate a typical 
brake's torque response to rapidly changing actua- 
tion pressure and to briefly investigate brake 
chatter and squeal effects, a relatively complex 
six-degree of freedom brake mathematical model was 
initially formulated. In this model six discs were 
treated as separate masses with individual axial 
position, velocity and acceleration computation, 
non-linear keyway and piston friction as a function 
of axial velocity, non-linear brake lining friction 
as a function of rotational velocity, and variable 
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elasticity to simulate the effects of disc warpage. 
The model was set up on an analog computer and sub- 
jected to step input pressures and to sinusoidal 
pressure oscillations of various amplitudes and mean 
values at frequencies from 10 cps to 1000 cps. The 
computer setup also included rotational and longitu- 
dinal elastic deformations within the tire and brake 
supporting structure. The set up was operated at 
1/100 real time and at a number of aircraft veloci- 
ties. By suitable choice of elastic, damping and 
friction characteristics, both chatter and squeal 
were produced at low aircraft speed. Using a key- 
way friction coefficient varying from 0.15 at zero 
velocity to 0.10 at high velocity, it was found that 
the brake torque oscillated in response to oscillat- 
ing pressure at all frequencies up to 1000 cps. At 
low brake rotational velocities (20-40 rad/sec) with 
low frequency pressure oscillation where the minimum 
pressure was the value for full brake release, the 
brake torque oscillation had considerable deviation 
from a sinusoidal variation. The phase lag between 
instants of maximum torque and maximum pressure varied 
from 15-20 degrees at 10 cps to 40-50 degrees at 100 
cps to 110-150 degrees at 1000 cps. The oscillatory 
component of the brake torque exhibited appreciable 
attenuation at high frequency such that the amplitude 
at 1000 cps was about 20 percent of the 10 cps ampli- 
tude with constant pressure amplitude. Even though 
there was noticeable phase lag in the pressure-torque 
characteristic, it was found that throughout the 10- 
1000 cps frequency range there was no appreciable 
phase difference between the displacement, velocity 
or acceleration of the individual discs. Therefore, 
a simplified model was formulated where all the discs 
were treated as a single mass. The simple model was 
set up and tested on the analog computer where its 
torque response to varying pressure was confirmed to 
be identical to the more complex model. The more 
simple brake mathematical model is used in this study 
and is described in Section III. A significant and 
somewhat unexpected finding of this investigation is 
that a typical airplane brake can be expected to have 
appreciable torque response when subjected to pres- 
sure oscillations in the 100-200 cps frequency range 
as might be associated with a hydraulic line resonance. 
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B. Tire-to-Runway Friction Investigation 

The usual and relatively arbitrary function relat- 
ing coefficient of friction to tire or wheel slip 
ratio has been used in most prior antiskid analyses 
to establish the tire-to-runway friction force. 
While there are many circumstances where the slip 
ratio approach is adequate for examining most of 
the aspects of antiskid operation, a number of 
difficulties and undesirable effects are associated 
with its use. A major analytical problem is that 
examination of antiskid operation at low aircraft 
speed is prohibited because the slip ratio compu- 
tation would require division by zero. In addition, 
the large differences in the friction coefficient- 
slip ratio characteristic variation which have been 
observed for changes such as aircraft speed, ? ..iway 
surface condition and tire properties lead to a 
number of uncertainties, particularly with respect 
to stopping performance predictions. 

To satisfy the objectives of this study, it was 
considered necessary that a mathematical description 
of the tire-to-runway friction coefficient be used 
which would not have the above undesirable qualities. 
To develop such a description, several hypotheses were 
formulated considering the tire's elastic deformation 
and its response to ground friction forces. Effects 
such as tread stretch, tread circumferential displace- 
ment and variation of relative velocity between tire 
tread particles and the runway surface throughout the 
footprint were examined mathematically. Because of 
the extremely complex nature of a tire's elastic 
behavior, these examinations quickly lead to an 
analytical task at least equal to the scope of the 
entire antiskid study. Even though this subject 
deserves further investigation, a more simple hypo- 
thesis accounting for most known variations and 
effects was adopted to comply with this program's 
objectives. For the purpose of this analysis, it 
is assumed that:  (1) the tire tread is a perfectly 
flexible inelastic belt with radial and torsional 
elastic attachment to the wheel.  (2) All tread 
particles within the footprint have the same rela- 
tive velocity with respect to the runway surface 
and the coefficient of friction between the tire 
tread and runway surface is a function of relative 
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velocity.  (3)  The function defining the friction 
coefficient variation with relative velocity is that 
established by testing a tire in a full skid. 

A description of the tire and wheel mathematical 
model utilizing these assumptions is contained in 
Section III. The equations listed show that the 
relative velocity between the tire footprint and 
runway surface is determined by computing the tread 
belt's C. G. (center of gravity) translational 
velocity component parallel to the runway surface 
and the angular velocity of a point on the tread 
belt about the C. G.  The footprint horizontal velo- 
city component relative to the C. G. is computed from 
the angular velocity and an apparent rolling radius. 
The apparent rolling radius is the unbraked rolling 
radius plus a fraction of the tread belt's C. Go 
horizontal displacement with respect to the wheel's 
rotational axis. The net footprint velocity rela- 
tive to the runway surface is then the sum of the 
tread belt C. G. translational velocity and the 
velocity of the footprint relative to the tread belt 
C. G.  The mathematical expression for friction 
coefficient as a function of relative velocity is of 
exponential form vith coefficients chosen to fit test 
data. 

This model was set up on an analog computer and 
examined statically and dynamically.  Statically, the 
friction coefficient versus slip ratio (with respect 
to the wheel) characteristic varies with axle velocity 
in accordance with observations.  This observed 
variation is that the slip ratio value associated with 
maximum friction coefficient is greater at low axle 
velocity than at high axle velocity, and the value 
of friction coefficient at maximum slip ratio 
decreases as axle velocity increases. Figure 2A 
shows friction coefficient versus slip ratio (with 
respect to the wheel) recorded dynamically during an 
analog computer run with an ON-OFF antiskid system. 
Figure 2B ic a similar curve recorded dynamically 
during wheel spinup from a full skid.  For both cases 
shown on Figure 2 axle velocity is constant. 
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C. Hydraulic System Investigation 

From experience gained in conjunction with practi- 
cally all antiskid development programs, it is 
generally accepted that one of the more predominate 
influences upon antiskid operation and aircraft 
stopping performance is the time lag between the 
antiskid control device's command for a brake tor- 
que change and the actual brake torque response. 
Hydraulic flow restrictions and the response charac- 
teristics of ehe antiskid control valve and other 
hydraulic system elements are responsible for most 
of this time lag. In an attempt to minimize the 
effects of the time lag many antiskid control de- 
vices actually issue commands in anticipation of a 
predicted circumstance. Confident prediction of 
antiskid overall operational effects including the 
resultant airplane stopping performance requires 
that the hydraulic time lag be accurately accounted 
for. Therefore, to comply with the objectives of 
this study, a preliminary exploration was conducted 
to establish a suitable mathematical model permitting 
evaluation of antiskid control valve and pilot's 
metering valve response characteristics and such 
effects as hydraulic line resonant oscillation. 
During these explorations the operation of the 
pilot's metering valve, antiskid control valve and 
the hydraulic line connecting the control valve to 
the brake were examined.  In each case several 
different mathematical descriptions were formulated 
and investigated on an analog computer. 

For both the pilot's metering valve and antiskid 
control valve mathematical descriptions accounting 
for all component characteristics of an actual phy- 
sical device and simpler descriptions eliminating 
spool mass considerations were examined. While by 
suitable choice of parameter values either mathe- 
matical model can produce an accurate description, 
the second order equations resulting from consi- 
deration of spool mass cause analytical difficulty 
because the inertia is very small in comparison 
with hydraulic, pressure and spring forces. These 
very high gain second order systems necessitate very 
rapid integration; therefore, using the "massless" 

first order equations is highly desirable to achieve 
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computation economy. In Section III the pilotfs 
metering valve description (a part of the hydraulic 
system) is the simpler first order system while the 
control valve equations account for spool mass. 
This approach is taken to permit easy recognition 
of the. relationship between the control valve's 
physical construction and its performance charac- 
teristics. While having the same facility for the 
metering valve is desirable, it was considered ana- 
lytically too extravagant. A metering valve having 
satisfactory performance,by whatever physical means 
it is achieved, will exhibit behavior in accordance 
with the '•massless" equation. 

To explore hydraulic line resonant oscillation and 
"water hammer" effects, a ten element hydraulic 
line model (ten degree of freedom) was initially 
formulated and examined on an analog computer with 
On-Off antiskid operation at one hundredth real 
time. This model produced very excellent results; 
however, the low intensity of the higher frequency 
harmonics (above 100 cps) showed that a more sim- 
plified model would probably be satisfactory. 
Accordingly, a single degree of freedom model was 
formulated and tested in the same manner as the 
ten element model. For the purpose of antiskid 
evaluation, the single degree of freedom model gave 
satisfactory results and is described in Section III 
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SECTION III 

DEVELOPMENT OF MATHEMATICAL MODELS 

This section is devoted to the exposition of 
mathematical models for each of tue following total 
system components: 

1. Brake System 
2. Hydraulic System 
3. Airplane System 
4. Wheel and Tire System 
5. Wheel Speed Sensor 
6. Antiskid Control Circuit 
7. Antiskid Control Valve 
8. Horizontal Tail Control 
9. Runway System 

For some of the system components alternate models are pro- 
vided. These alternate modeis ara listed alphabetically 
within each section.  For example, 3a describes an airplane 
system modeled as a laboratory flywheel, 3b describes an 
airplane which has three degrees of freedom, and 3c describes 
an airplane with six degrees of freedom.  Each component 
model is discussed as a self-contained unit without any 
particular reference to the total system and each model, in 
general, contains its complete mathematical description such 
that it is essentially immune to changes within other models 
of the total system. 

Format and Convention Useage 

The presentation of the various sytems follows a common 
format  Each system discussion begins with an introductory 
explanation of its function or its characteristics relevant 
to antiskid operation.  Following this introduction is the 
main body of the discussion under the heading, "A. Mathemat- 
ical Description," containirg the derivation of the equations 
that describe the system dynamically.  This section is con- 
cluded with an equation flow diagram showing the relationship 
among the various system equations.  A final discussion 
follows under the heading, "B.  Parameter Evaluation," which 
sets forth methods of determining the values of the constants 
appearing in the system equations.  The system presentation 
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closes with a "Table of Pamefcers" which lists all of the 
system variables and constants. 

The flow diagram which appears at the end of Section A is 
provided principally as an aid in the preparation of the 
digital computer program which solves the system equations. 
This flow diagram could also be used for an analog solution 
although other flow diagram arrangements would be more 
efficient for that purpose. The following conventions apply 
as to the usage of ehe flow diagrams: The triangles outside 
the enclosing phantom line denote variables which are used 
as inputs and outputs to other systems.  The numbered 
rectangles refer to equations within the system. As an 
example, in Figure 5 the rectangle numbered 9 indicates 
that Ter   is a function oi.Ufl  and FA  and that the equation 
that gives the exact relationship is equation 1,9. No 
constants are shown in these diagrams. The triangles 
denoting integrators do not always contain an equation 
number.  If the input to an integrator is Xp and its output 
is *P , then the equation is implied.  Thus, as in Figure 63, 
if the input to an integrator is #4 and the output is UR+, 
then the equation MAI* fR.±Jt  , or equivantly, ^#4. - R±} 

is implied. Because of the size of the six degree airplane 
system, the flow diagram in Figure 32 is slightly different. 
Its use is strictly limited to the digital program generation. 
It says that all equations within one block must be written 
before proce ling to the next block.  Thus, the first vari- 
ables to be solved for are 2V* , ?w, YOLM  ,••*, ^/v»i- .  After 
this FVA/ , FLN , • • •, ZGUR.  are solved for. 
After this AML  , XAXL.  , •**, FNK) etc. 

The "Table of Parameters" is a listing of all variables and 
constants found in the equations of that system.  Each 
variable is identified by its symbol, description, units, 
and "Type." The "Type" is listed as v, v(i), and v(o) 
depending on whether the variable is only used within the 
system, is received as an input from another system, or is 
an output to another system.  Each constant is identified 
by its symbol, units, description, "type," and value. The 
"type" for each constant is always "c" and its value is 
that used with the F-lll antiskid system. 

Table 1  lists the mathematical conventions utilized 
throughout this study. 
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Table 1   Explanation of Mathematical Convention 

Convention Description 
• 

X A dot over a variable denotes 
differentiation with respect to time 

Computer 
Notation 

All variables are expressed in a 
form to harmonize with Fortran 
character utilization. Thus a 
variable WTK would appear as WTE 
Also, in general, the following 
practice is adhered to. If XTT 
is a variable, then XTT is its For- 
tran form. The symbol for *TT is 
XTTD.  The symbol for XTr is XTTDD. 
The initial condition is denoted by 
adding 0 (zero). Thus Xir  at time » 
0 is denoted by XTTDO . 

ZGD<*> The brackets "< > " are used exclu- 
sively to denote the position of a 
function argument. The script % 
is used to denote an arbitrary 
variable. The parentheses "( )" 
are normally used to denote multi- 
plication. 

Parameter 
Type 

Within each table of parameters is a 
column which lists the parameter 
"type." 

v  a variable 

c  a constant 

vCo) a variable used as output to 
another system. 

vCi) a variable received as an input 
from another system. 
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Table 1   Explanation of Mathematical Convention 

Convention Description 

I,IA0;2,Z 
For symbols appearing in equations 
the following conventions are used. 

r s Capital "i" 

i - One 

& = Capital "Oh" 

0 Wt Zero 

£ - Capital "zee" 

2 SI Two 

e s Greek le itter 
treated in Fortran as capital©', 

TBT| Placing a parameter symbol between two 
vertical bars denotes the absolute value 
of the parameter. The absolute value of 
a signed number N is defined as N when N 
is positive and as -N when N is negative, 
For example:  J31 «3 and |— 31  s 3. 

MIM£ X|9Xfr,--X*,C,2 

OK 

The braces preceded by "MIN" or "MAX" 
denote the value of the least (or 
largest) of the constant or the para- 
meters enclosed within the braces. 
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1.   BRAKE SYSTEM 

The conventional airplane brake consists of a series of 
discs which are alternately stators and rotors. The stators 
are restrained from rotating about the axle by splines or 
keyways. The rotors are similarly connected to the wheel 
and hence rotate with the wheel and tire. The brake torque 
is produced by axially compressing the disc stack; usually 
by hydraulically actuated pistons. Many brakes use return 
springs to release the brake stack against the return pres- 
sure of the hydraulic system. 

A.  Mathematical Description 

In this analysis Xpwill denote the brake piston linear 
displacement. The pistons, rotors, and stators are treated 
as a single mass system in the axial mode (XP direction). 
The forces acting on the brake mass in the axial mode are: 

a. Brake actuation force: equals(brake pressure) x(piston 
area) 

b. Force due to axial restraint 
c. Keyway friction force 
d. Brake piston seal friction force 
e. Brake return spring force 
f. Brake piston bottoming force 

Figure 3 shows the brake system and the forces acting in 
the axial mode. Each of the axial forces is established as 
follows: 

a. Brake Actuation Force 

The brake actuation pressure Pe is received as an input 
from the hydraulic system.  The brake actuation force is 
given by Pß fi6p  , where AB?  is the total brake piston area. 

b. Force due to Axial Restraint 

The axial restraining force reflects the elasticity in the 
brake discs, the back plate, and the piston housing and is 
a function of their cumulative displacements.  A way to 
derive this characteristic is from a curve of brake volumetric 
displacement vs. brake pressure.  This characteristic does 
not include friction or return spring effects. 
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Let  Fp    denote   the force due to axial restraint.    And    be 
defined by 

(1.1)   FB = /*,*'FB2 

(1.2) Fm = jCB,(Xp-Sa) +DBlXP 

(1.3) Pß2-|CB2(Xp-Sß2) + DB2X 

c.    Keyway Friction Force 

">$• Xp£ SBI 

i * X p <: SBI 

ii  Xp* S8Z 

Li Xp <  S$2 

Let the  keyway friction characteristic be defined by a  function, 
6F    , where: 

(1.4)  GF =  ( i.O l* Xp ^ VF5 

SFM + Cl-^FM^p/Vrs ii   VF3>  XP> o 

O.O if Xp  *   o 

-GPM + (i -£F„) Xp/vFS u o > xP > vFS 

-1.0 t* -VFS * *P 

wheel -^ 

brake housing 

<e« 

'BT 

r 

^ 
^fLTbTbTld 

^Agp" 

~ 

\ keyway 
KF 

r#ft 

piston seal 

brake piston 

hydraulic fluid 

**—brake discs (disc stack) 

Fn 

A A*L€ 

Figure 3 Forces Acting on the Brake Discs 
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Figure 4 shows  GF as a function of   Xp 

GrM ~ 
,1>F 

1.0 

-*x, 
'FS 

Figure 4 Keyway Friction Characteristic 

The brake torque, TBT ,is tranferred to the wheel and tire 
through the rotor keyways. Torque, TBT , is also 
transmitted to the axle. The major portion is transmitted 
through the stator keyways. The remaining portion of the 
torque is transmitted as piston side loading which results 
from friction between the pistons and the pressure plate. 
Let 100 He/ denote the percentage of brake torque transfer- 
red through the stator keyways and let 100 Hez. denote the 
percentage of torque transferred through the pistons. 
Naturally, He» • He* - /«       The normal force on the 
stator keys is thus H«i |Tirr|/tf8i ,      while the normal force 
on the rotor keys is {TeTi/Reo,    The total keyway friction 
force is then given by 

(1.5)  FKP = \Tei\ Gf M*. (Hei/Rn  * t/Zee) 

d.  Brake Piston Seal Force 

Let FOR denote the seal frictioi force. Then 

(I*6)  FOR = GF ( HOFC • HeFP Pe * \T0T\MKP HBZ/R^) 
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e. Brake Return Spring Force 

The piston return force Fez    is given by 

(1.7)  Fe* = FOR© •* Ce*. X? 

f. Brake Piston Bottoming Force 

In the brake releai3ed condition, an axial force is 
developed between the pistons and housing to balance 
return spring preload. This piston bottoming force 
is defined as: 

(1.8) ^8- f" Cßß Cxp-588) - Dee  Xf   FOR XP-$BB 
C o FOR   X?<>5d8 

This concludes the discussion of the axial brake forces. 

Let Run    be the number of rotors. Let Wd  be the 
relative angular velocity between the rotors and stators 
as received from the wheel and tire system. The brake 
torque TBT   is then given by 

(1.9) TBT-  2R«K  FBRVTJUS 

Where ytfs   is: 

(i.io) ^ , r^v^e"^    if V$>o 
O iß    Vg :o 

-^Ss, -jU** 6       " it   Ve < o 

Where Vi? is: 

(1.11) Ve =  Rex We 

Summing the forces in the axial direction yields: 

(1.12) Wee fa = p0 fig, - fe - F<F- - F<s>«. -Fez * Fee 

In Equation (1.12) We* is the brake mass which experiences 
axial motion. Generally, W/§*  is the brake heat sink mass. 
Figure 5 shows the relationship of the brake system 
equations. Table 2 lists the system parameters. 
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B. Parameter Evaluation 

Figure 6 shows a plot of brake piston displacement as a 
function of brake application pressure for a new brake. 
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Figure 6 Brake Pressure Volume Characteristic 

Assuming that no frictional affects are 
present, COR and CB, can be derived as follows:Since the initial 
slope is due to spring return force only, then 

(1.13) CBR =/A£)ASP »/go\(l3.3)
2 = S850  lb/in 

From the other slope on the curve, 

(1.14) Cm  «/AfJAsp *f}**9y\9.3t-*950* 

For a new brake C Bz = o. 

= lo.20*\0    iy/ir> 

26 

•*- fg*«fr ***' r**r"'if '' 
• • •-r K*.  •' ftM 



Assuming that the discs all move together, since the heat 
sink weight is 138 LBM, then Wee  - 138/386 - .358 LBF 
SEC^/lN. The natural frequency is then UJrt » f K'/M 
O«.    U)n = 1 (6.Z* losy(. 3faT  =     \3\5 Rfio/S*c 
Assuming that ^  a .01 (see page 117), 

(1.15) Dei * tyCe\  a Qoi)l6.2xiO*)   = 1.7/ JbF sec//* 

It is assuried that Xp • 0 when the brake pressure is 100 
psi. Thus 

(1.16) F6ps * flepPs= (/£3)(/00)s  mo /OF 
3 

Since the brake piston displacement is 1.55 IN before the 
brake discs come into contact, then Sei   • 1.55/13.3 - .1165 in. 

Since the F-lll brake has 8 stators with 14 rubbing surfaces, 
He« cannot be greater than 1/14. A conservatively high 
value of Hei • 05 has been assumed and it follows that 
Hez  =  .95. 

The brake piston seals are equivalent to MS28775-219. The 
seal friction force is established using the procedures 
described in Reference 4. The seal sliding friction force 
is a function of rubber compound hardness, amount of in- 
stalled compression, length of rubbing surface, seal groove 
projected area and applied hydraulic pressure. For the 
MS28775-219 size seal having 10 percent installed compression 
and 70 degree Shore A hardness the sliding friction force is 
2.88 lbf plus 0.02 lbf per psi applied pressure per seal. 
There are 10 pistons in the brake housing; therefore, 

(1.17) Ho«: = (ld)(Z88)*   ze.& lbf 

(1.18) Wofp  = (to)(0.02)= O.ZO ibf/Psi 

Conservatively high values for the friction coefficients #K 

anÜMK*  are estimated as MK   * J-5 and^^y? - .10.  Gp^ is 
estimated to be 1.50. 

Values for the following brake dimensional characteristics 
are then from the appropriate brake component drawings: 
RBI » 4.40 IN, RBT - 6.25 IN, and RBD - 8.25 IN. 
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Observations of braking stops indicate that for an 
average F-lll brake lining, 

UB, - .15 

U-62 - .10 

*8    =  .03 SEC/IN 
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2. HYDRAULIC SYSTEM 

The hydraulic system is the brake actuation power source 
and is made up of the four components as shown in 
Figure 7  : the pilot's metering valve, the antiskid con- 
trol valve, the control line, and the brake piston housing. 
The pilot's metering valve is a pressure regulator, usually 
having a mechanical input, which has a steady state output 
pressure (Pmv) at a level commanded by the pilot (Pcom). 
The antiskid valve is a pressure regulator which has a 
steady state output as dictated by the antiskid control 
device. For a modulated antiskid system, the control valve 
is a variable pressure servo type regulator and for an 
ON-OFF antiskid system the control valve is an ON-OFF valve. 
The control line is simply the fluid transmission line or 
containment vessel connecting the control valve to the 
brake housing. The brake hcjsing is a collection of 
cylinders and pistons which act to compress the brake discs. 
From a hydraulic system aspect, the control valve is a 
variable area orifice, where ehe orifice area is a function 
of spool position. The control valve spool position is 
received as an input from computations described in a 
section devoted to the operation of the control valve. 

In the description of the brake actuation system, there are 
two principal effects which should be accounted for. The 
first is the time lag which exists betweeu the control valve 
output pressure (Pcv) and the actual brake pressure (Pb). 
This lag is caused by the fluid's resistance to flow due to 
inertia and friction and by the brake pressure's dependence 
upon fluid volume within the pressure cavity. The second 
effect is the instantaneous brake pressure intensity as 
influenced by fluid inertia and the combined elasticity of 
the fluid and the pressure cavity. Rapid valve operation 
can cause pressure overshoot and oscillation du? to 
"water hammer" effects. This overshoot can cause excessive 
brake torque and may interfere with proper control valve 
operation.  The pilot's metering valve pressure drop and 
response characteristics are included in the actuating 
system description so that these effects upon antiskid 
operation can be examined. To allow for a variety of brake 
actuation systems which might be encountered, provision is 
made to accommodate both hydraulic and pneumatic actuation 
media. The line connecting the control valve and the brake 
can be treated as a separate fluid cavity or the effects of 
its volume may be lumped with the brake as would be appro- 
priate for a short line. 
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A.  Mathematical Description 

Figure 8 is a schematic of the brake hydraulic system. 
The analytical procedures of References 5 and 6 are 
utilized to mathematically describe the system. 

Let P(V)M denote the brake pressure which is commanded by 
the pilot and define PcoM such that it; increases from a 
minimum value, PR , (reservoir pressure) to the desired steady 
state value P~p, as a linear function of time over an 
interval, T^p, as follows: 

(2.1) PCOrA= T(?CP-P*)/TCP    +PR lPO*T*Tc9 

PCP if-    Tcf<T 

The metering valve attempts to maintain Pj». at the level 
of PQOM' ^e meteri-n8 valve spool displacement X^y is 
defined by equations (2.2) and (2.3). 

(2.2) Vm  - $mv (pCom „/>„„) 

(2.3) Xjflf   - C/HMZOJVNLV) rFSMw-Xmv 

Let $<XjY)  be a function defined as follows: 

(a)  For hydraulic fluid 

(2.4)    tfixj} - S/GU(X-Y)7}X7Y[ 

(b)  For compressible pneumatic fluids 

(2.5)    iF/>y  and   X^Y/Rcnr       WMf*£ Rcmr *[*/(*A+fy *^ 

IF X^V And   x± Y/RcRiT 

r    t   /\**.-ll'/z//<//\**> 

\f   Y> X   and   Y* X/XCR.T 

<t>UtY>^ -0<Y,X> 

IF r>X   «W   Y± x/RcR.r 

fU,y> = -?<Y/X> 
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Let AMV(%>be defined by: 

(2.6)-AMV<*>   "    | AMv<> Ü"X*SMVO 

Let A^vS  and J\Mvfl  be defined by: 

(2.7) /'ViVo    ~    'V|V>V>   ^MV/ 

(2.8) Hfv|vi2. ~    A M v S-  X jv) v/ 

Then 

(2.9) Cfs = A^vs 9*<H,PMV> 

(2.10)CCL - A,V,VE/< PM/J\> 

Let VHvv be the fluid volume from the output of the meter- 
ing valve up to the   input   of the control valve. 
Then 

(2.11) PMv =  (BMV,/VMVJ(QS -<?B -Qny +-Ocvi) 

Let ACv'*> be defined by: 

(2.12) ACv<*>  -   iAcvo if*»SCvc 
' max l ACVL-, * Acv'o/Scvol      tt^-<SM*ro 

Let ACVA»   and Acvß he defined by 

(2.13) Acvs   =   ACV/OOV-SCL> 

(2.14) Acvfi -  ACy<-SCi - Xcv> 

Then 

(2.15) 6?MV   - Acv5 ^^ P/vvvjPcv) 

(2.16) Qcve r Acve ^ < Pcv ) Pcv£ ) 

(2.17) PfvR   s ( ßcvß/Vcv»z)(Qcv»2 ~rV*<: tQcvj) 

(2.18) C?cc   "   AJ2c^<PCvftJfß> 
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Tue volume of  the cavity occupied by the brake actuation 
media  is  established by equation  (2.19)  as follows: 

(2.19)    Ve = Veo + tiers Xe 

Three options for the control line mathematical description 
are provided to cover a variety of circumstances which may 
be encountered. The third option is representative of a 
typical aircraft installation and is used in analyzing the 
F-lll system. 

The first option is for a control line with hydraulic fluid 
considering volume effects only. This option will not pre- 
dict 'water hammer'1 but is satisfactory for many cases, 
particularly for the case of a short control line 50 inches 
or less in length. The following equations describe the . 
first option: 

(2.20a) Qcv = Q.mv -QCVR, +Qcvt 

(2.21a) pcv s (B*/VB)LQO/-//BPSXP) 

(2.22a)   p6l  a   pcv 

(2.23a)    p0  r   p0I 

(2.24a) Q0 . Qc, 

The following equations are applicable to the second 
option for the control line using compressible pneumatic 
fluid. 

(2.20b)   Qcv, Qw-QwQcvt 

(2.21b) Pcv =   (8B/14) (QCV - Pc* Aefskp/ße) 

(2.22b) pßr=  pci/ 

(2.23b) pe  r   P01 

(2.24b) Q0 z QCI/ 
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The third option is for a control line with hydraulic fluid 
where both volume and inertial effects are considered and 
is described oy the following equations: 

(2.20c) Qev* (AsL/R»oS8L{Pc,-Pet-DR8LQcs~DT8LQcAQcA 

(2.21c) ficv  - i&BL/l/g^Qmv-QcvA-Qc'+Qc«*) 

(2.22c) fa  -- {&L/l$(Qfi*-Q^ 

(2.23c) Qß ^  /jBo ?<PeiyPe) 

(2.24c) fy =   (ßs//^Qe~/?0*rkr) 

In this study the brake system hydraulic supply pressure, 
Ps, is treated as a constant.  If Ps varies significantly 
due to operation of other aircraft hydraulic system equip- 
ment, this variable pressure defined as a function of time 
may be used. 

B.   Parameter Evaluation 

For this study the third optional control line description 
as applied to the F-lll is of primary interest.  For this 
case MIL-H-5606 hydraulic fluid is used. The hydraulic 
fluid properties for a mean temperature of 100°F and 1500 
psi are: 

(1) Adiabatic bulk modulus: 8^ 248,000 psi 

(2) Density: AW«.781 x 10"4 LBF SEC2/IN4 

(3) Kinematic viscosity: V* .0267 IN2/SEC 

The system supply pressure is 3000 psi and the return pres- 
sure is 100 psi.  Initially, all flows are zero and all 
pressures except the supply pressure are at 100 psi. The 
pilot's input command pressure PQQM *-

S
 
a^-so 100 9S^»    The 

pilot's input PcOM will go from 100 to 1500 psi in 0.2 
seconds.  Thus T^p s 0.2 sec and P^p = 1500 psi. 

Metering Valve 

When the metering valve spool is centered, the flow area 
is essentially zero for both the return and supply lines. 
In this spool position XNW • 0.0.  From equation (2.3) the 
spool is constrained to stay between SMVL  and $wvu. 
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For the metering valve, S&\•«. • - .06 in and S/mto - .06 in. 
However, when Xm* is at + «05, the valve area has reached 
its maximum for the flow&s. When Xiw«/ • - .05, the area is 
maximum for the return flow<2*. Thus «$/**»• .05. By actual 
measurement, with the valve full open (area • ftmvo ) at 100° 
F, th'i flow is 9.23 in3/sec. at 200 psiAP. Thus from (2.9) 
- (2.10), 

(2.25)   fa = <Z/<fif* HMjiuo *.6S3 ^4/^c)i\h^ 

In the F-lll system, the metering valve is situated next to 
the control valve so that the volume V^iw is quite small. 
wJ   was calculated from the valve drawing as being about 
1.0 in3. Also, the valve body is considered to be much 
stlffer than the hydraulic fluid so that the effective bulk 
modulus is the fluid modulus. Thus, B*-     - 248,000 psi. 
GfA\/ was estimated from analog studies to be about .05. 

Control Valve 

For the control valve, Xcv «0.0 when the spool is centered. 
At this point the flow area is zero so that/to'«. - 0.0. The 
flow area remains zero for - .005 * Xctf* ,00'5. Thus the 
valve has an overlap of .005 in. and .So. • .005. An addi- 
tional movement of .030 in. produces full area so 5e/o • .030. 
By actual measurement at this position at 100°F, the flow 
is 7.7 in3/sec. at 50 psi A P. Thus 

(2.26) fao~a/1W* 7.7/1**^ i.oto it*Y(arec}i\bti/*' 

The following values are estimates of the return character- 
istics of the control valve: Vfcrti • 2.0 in3, 8c* - 248,000 
psi, /foe- 1.0 itrV(sec)(lbf)l/2. 

Control Line 

The control line is 1/4 inch outside diameter steel tubing 
having 0.14 inch wall thickness and internal cross sectional 
area,/fee, equal to .0386 in2. Because of the thin wall, 
the tube elasticity greatly reduces the bulk modulus. The 
equivalent bulk modulus,de,  may be calculated from 

(2.27) 
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Where B * Fluid bulk modulus 

E - Young's modulus of tube material 

D • Mean tube diameter 

Tube wall thickness 

Thus 
(2.28) BBL 

2t8ooo 

(30Kio')(.oii) 

=r  >c '/?, 700 fr' 

The control/line length, SßL, is 191 inches with various 
types of flow restrictors according to the following table. 

Table 3 Control Line Restrictions 

Description "KM Value* Number n nk 

An815-4J Union .54 1 .54 

AN832-4J Union .54 1 .54 

AN821-4J Elbow (90°) 1.23 4 4.92 

AN837-4J Elbow (45°) .89 1 .89 

90° Tube Bend .01 12 .12 

90 Hose Fitting 1.25 1 1.25 

Total 8.26 

*  » KV /2g Where V is the velocity in the line. 

The "K" values in Table 3 were derived from information 
contained in Reference 

Equation (2.20c) is the result of summing forces on the 
mass of fluid in the control line.  The friction losses 
are depicted by a turbulent flow loss DTQL G?fv  and a lami< 
nar flow loss DKBL QCV It is assumed that all the turbu- 
lent flow losses come from elbows, etc., which are listed 
in Table 3.  The loss due to the line itself is considered 
to be always laminar.  This assumption of laminar flow for 
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the line is justified for two reasons: (1) the loss in 
the line is small compared to other losses in the system; 
(2) the flow is normally laminar anyway (Reynolds Number 
is less than 6000 for the F-lll system). 

For the turbulent losses 

(2.29) &? -   f>^AW 

"   Kp \Zc/£ 

Thus 

(2.30) DTöL = K P 

For laminar losses, at temperatures normally encountered, 
the "oscillatory-1 friction is higher than the steady state 
friction.  See Reference 9.  The pressure loss can be 
written as 

(2.31) AP = RL. {JL/A*)dl 

For the steady state case as shown in Reference 6, | 

(2.32) R^SlffV | 

In Figure 10 values for this theoretical steady state RL I 
are compared over a range of temperatures to values from j 
Reference 9 which were experimentally established for 
oscillatory flow.  Since the hydraulic flow in the brake ! 
control line associated with antiskid operation is transi- j 
tory, the laminar flow resistance base on experimental 
measurements for oscillatory flow is used. i 
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From Figure 10 at 100°F RLfor the experimental oscillatory 
case is 1.5 X 10*4. LBF SEC/IN2 

Therefore: 

(2.33) DRBL » (RLYSBLI   =   (/Sx,o'4)(l9/) 
(#6L)

Z (.03SG)2 

/bf sec//*r s     /<f.£2      I Of- secy. 

When a "lumped parameter" type anal,sis as described by 
equations (2.20c), (2.21c) and (2.22c) is used for the con- 
trol line the resulting natural frequency is somewhat lower 
than the actual line, if the actual line volume, W , is 
used. The value of ^BL   is adjusted as follows to achieve 
the correct natural frequency for the "lumped parameter" 
description. 
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Consider hydraulic fluid flowing through a line with cross 
sectional area, >?, and divided into segments having equal 
length, S,  as shown below. 

> i< 

If each segment is treated as a separate pressure vessel 
having volume, V,   with a flow in and a flow out, and if 
equations of the form of (2.20c) (2.21c) and (2.22c) are 
written for these pressure vessels, neglecting friction, 
the following expressions are obtained: 

(2.34) QZ =  (/i/fSXK-Pi) 

(2.35) R = (6/vY.Qi-ad 

(2.36) pz -_   (d/v)(GL%-4]l 

By substituting equations (2.35) and (2.36) into equation 
(2.34) differentiated once with respect to time the fol- 
lowing differential equation is formed: 

(2.37) Qi --  (4/fs){0/i/)t(QrQt.)-(<?2.-<23)] 

or 

(2.38) Q3.*2{#*//>SI/)QM. ~- LA6/fSV)(Q{*Q3) 

Equation (2.38) establishes that the natural frequency of 
each line segment is: 

(2.39)  Pn-J-fSfc cs zrr \pS\/ 

However, vibration theory considering distributed mass and 
elasticity establishes the speed of sound, C, in the line 
as: 

(2.40)  C - "j &/a in/sea 
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For fundamental mode oscillation in a closed end tube having 
length, 5, the natural period,Tc, is: 

(2.41)   Je * 2S/c       s*c 

Therefore, the natural frequency, ,jn  , of an actual tube 
segment is: 

(2.42) gn = l/Tc - O/ZS) f3//>       cfs 

By equating the two expressions for natural frequency, 
equations (2.39) and (2.42), the volume of the line segment 
which will have the same natural frequency as the actual 
is established as: 

(2.43) \/=£/9S/irz 

Thus, 

(2.44) VBL --• Ä- ^BLSBL.  - (2)(.QS8b,Y/f/)  */.+?*#** 
rr*- rfz 

Brake Housing 

The brake housing has ten pistons of 1.33 in* area each. 
Since the number of pistons serviced by one control line 
is five, then A%ts-  5(1.33) - 6.65 in2. 
The fluid volume in the brake housing with the pistons 
bottomed (Xp = d)     is 8.00 in3.  Thus Vßo  - 4.00 in3 or one- 
half the total volume.  The orifice coefficient AJQ was 
estimated to be about 2.0 w4/sec /Aß'/lL, 

Operational Systems 

The option 1 system neglects the line inertial effects.  The 
parameters have the same value as the corresponding parameters 
for the option 3 system, escept that \le0  should include any 
line volume.  Thus, for the F-lll system, with the option 1 
system, Vso  = 4-.oo + .osec Lift)  * //,S4> s*r* 

The option 2 description is used for systems with compressible 
pneumatic fluid.  The appropriate parameters will be evaluated 
for nitrogen at 100°F as the fluid media and isothermal 
processes are assumed except for orifice flow calculations. 
While the heat transfer characteristics of the brake 
system components have not been rigorously evaluated, the 
usual component installation is such that assuming isothermal 
processes is valid.  The mathematical description of the brake 
actuation control system using compressible pneumatic fluid 
is written using equations of the same general form as for 
those describing the hydraulic system, thereby minimizing the 
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the number of equations and enhancing computation flexibility. 
Utilizing the hydraulic equations when pneumatic fluid is used 
requires that the appropriate parameters be expressed in suit- 
able mathematically equivalent terms. Consider the character- 
istic equation of state for a perfect gas: 

(2.45)   p- MRT 
V 

And the definition: 

For the assumed isothermal process, substitution of 
equation (2.45) into equation (2.46) gives: 

(2.47) p =/RTU -(RXJM V 

For those cases, such as for the metering valve and control 
valve pressure cavities, where the volume is not changing, 
V   is zero and equation (2.47) reduces to: 

(2.48) P*tST\m 

For hydraulic fluid, P is described by equations having the 
form of equation (2.49) below.  (See equation (2.11) for 
instance.) 

(2.49) p« ($Q 

Noting the similarity between equation (2.48) and equation 
(2.49) it is obvious that if RT  is used in place of 8   and 
if m    is used in place of (% ,  the "Hydraulic" equations can 
be used for computing performance of a system using pneu- 
matic fluid. Thus, Be =* ßcv* - Bw  * R.T. 
For nitrogen R - 662.4 IN llf/lb^°F and at 100 F 
RT - (662.4) (460 + 100) » 371 x 106 ,N  Ibf/jb )r>\ 

Since P/RT = M/V, equation (2.47) can be written as 

(2.50)  P=(j$pfi^j 

Equation (2.21b) is obtained by substituting ße  for RT , 
ASPS XP   for V    , and Q  for IY? in equation (2.50), thereby 
accounting for the change in brake volume caused by piston 
movement. 

Equation (2.51) below, from Reference 6, describes the mass 
flow rate of a gas from a container having high pressure, 
PM   , through an orifice of area,/?0> to a container having 
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low pressure, R.    . 

// 
M 

Equation (2.52) below, from Reference 6, describes the 
volumetric flow rate of hydraulic fluid through an orifice 
under similar circumstances. 

(2.52) Q= Coflo 112 At-P* z. 

Both equations (2.51) and (2.52) can be written in the form 
Q = /?>r^<#f, Jl>   where /<ß*, ft)     is a flow function as 
defined by equations (2.4) and (2.5) for the appropriate 
circumstances and where flFis a flow coefficient accounting 
for orifice and fluid properties.  For the case of hydraulic 
fluids a value of Co TI/p*/03.S /»y/bF^ssc   has been 
established by experience as being representative of an 
average orifice (i.e., Co^ 0.65). The metering valve flow 
coefficient,/?MVO y previously computed is 0.653 lN4/sec /bf',x\ 
therefore, the apparent actual orifice area, /?o , for the 
metering valve is fl0^0.653//03.5'=  .63/x/0~z//iJz    . 

.o. 
For the case of the pneumatic system with nitrogen at 100 F 
as  the working fluid and using Cp =     2300 in lbf/lbm? F,  and 
ft - 662.4 in lbf/lbm °F: 

(2-53)      fi^0   = Coflo jZGCt 

= C8)l.6>3U,p2)   f,z\m)^o) 

- 3 x  i 
-   O.4-3*\0~   Ibrv, 'n / 16 f sec 

Using the same procedure establishes  that: 

Ac*o =  O. 7/t* */o~? tb*  i«z/lbf sec 
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3a  AIRPLANE SYSTEM (FLYWHEEL) 

Figure 11 shows the model for the airplane system as it 
might be simulated with a dynamometer flywheel set-up. The 
mass Wfl   is supported by the tire and is determined by the 
percentage of the airplane weight carried on one main gear. 
The mass WAR.  represents some part of the airplane structure 
whicn could vibrate in sympathy with certain ground discon- 
tinuities such as wing mounted fuel tanks or armament. The 
foices FLO   and F*L  act on W/» because of gravity and 
aerodynamic lift, respectively. 

A.  Mathematical Description 

The shock strut stroke is denoted by Zs#? . 
This stroke is determed by Z and Zwm* 

(3a.1)  Zsm  = Z^-Z 
•     »    • 

(3a.2) ZSA7 
m ZWM - 2L 

The shock strut force FVM is given by equation (3a.3) 

(3a. 3)  FVM » Fvms < ZSM} *DVM Zs/n +/lmK2s»)2m\2*»\ 

Let ZGO and ZGO* denote the height and slope of the ground 
(or flywheel surface). Let SM denote the tire deflection. 
Then S/r\  and £/» are determined by 

(3a.4) Sm = max [ o.o, Z$o (XF/> "Zw/wj" 

(3a.5) StA   = Z&P<\Xr>Vr -Z«M 

The force F/VM acting vertically upward on the tire is then 
given by 

(3a.6) FN«= SM (C*AT ^D^TTM) 
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Figure 11 Flywheel System Model 

52 

V ."-V- .*>• ."• -'• .'' -"• .*• •"• •> ' V.** ."» ."•»• .** »'• ."• •'• .*• 

>»>'»• v '*>"•>: ji V y vi aaw *&mm •"•" y y • Vi -•"" 

•"• •*« •f- ? 

i*!'i^Vi.'»iyi>'. >;>'••,• <.» «.t.it,.^.»..«_ 



Summing forces in the vertical direction on the unsprung 
mass Wwv , there follows: 

(3a.7) Wwv ^WM ~ 'NM "" 'VM +  MS ORV 

Where  F0KV     is  the tire unbalance  force. 
For the mass WAR ,   summing forces  vertically gives: 

(3a.8) WA*iAR  =   FAR 

(3a.9)  FAR =  CAR ( H " 2Aff ) +   DAP ( i ~ ZAfc) 

The aerodynamic  lift and drag forces  F^L   and F^D   are 
defined as  follows: 

(3a. 10)   FAL= CALVF
2 

(3a. 11) FAD = CADVF
Z 

The equation which determines  2   is  given as 

(3a. 12) (WA- WAB)? =    F„M + fAL - FLV - F^ 

The equation for the flywheel velocity is given by 

(3a. 13) WArVp = Fr„ -FA» -zFB1 

Where f>H is a force equivalent to engine thrust and W*r 
is the airplane mass. The aircraft's longitudinal dis- 
placement is established by 

(3a. 14)   XF =    \yFcLt+ XFO 

The equation flow diagram for the airplane system 
(flywheel) is shown on Figure 12. 
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t4 

B. Parameter Evaluation 

Shock Strut Characteristics 

Figures 13 and 14 show the main gear load and damping 
characteristics for one gear. 
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Vertical Tire Characteristics 

In equation (3a.6) it has been assumed that the tire loading 
characteristic is given by an equation of the form 

(3a.15)  F- S(c + OS) 

Let the following terras be defined for a tire: 

F* = Rated load 

P* = Rated pressure 

SR = Rated deflection 

If P is the actual pressure, then obviously the tire spring 
rate, C   , is 

(3a.16) C=ÜL\lfA 

From reference 1 (Equation 132) the damping force, FD    , 
is established as: 

(3a.17) Fo =(U£) 5' 

It is assumed that the damping force is related to the 
undamped natural frequency at rated conditions.  The un- 
d*mp°H ~qtur°l frequency, UJ  , is established as: 

(3a. 18) u)*fE = n/ZS g  « i~6~ 

Where G - 386 IN/SEC2. Also from Equations 137 and 138 of 
Reference 1 ' 

(3a. 19)      7[-  2V*/b+W*$i 

Where ^= 0.\. 

The main landing gear shock strut linear damping coefficient, 
DV/VN,   is set equal  to zero for the example problem. 

The unsprung mass, Ww*,   experiencing vertical motion is 
6.44 lbra.     Thus, Ww« -  (644)/386 * 1.667  lbf sec2/in. 
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. * 
As previously assumed in Equation (3a. 15), to=S0S 
Equating the two expressions for F0 at rated deflection 

(3a. 20)    mC   =  S*D 
uu 

Or 

(3a.21)     D=   VC    g    ^    /Jp\1/ir 

For the 47 x 18 - 18 26 ply raving F-lll main tire, 
P-P*»  150 psi 

F*. = 38,100 lb.  and 5*   =» 4.00 IN. 

Thus 

(3a.22)    Cmr-/JM£S = (^c){S8lo6)    _   f£*o ##/*, 

».»    °-®lVg)-ff 
(/So)     (4,o6)z     IS3(o ' 

Aircraft Characteristics 

For the example problem, an airplane weight of 57,000 lb. 
is used. The static vertical load on one main gear is 
25,200 lbs. so that 

(3a.24)   vVrf« 25, ZOO/Q  « 6S.o Ibf sec Z/lN. 

For a velocity of  VF   m 24-00 IN/SEC and a representative 
tire-to-runway braking coefficient of  .45 at the main wheel, 
the tire load is  21,400  lbs.     Thus   FLO   * 21,400 lb. 

The total aircraft mass  is   WAT = S7O0O/G = /4-7.Q Ibfjec*//*. 
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The mass WAe is used to simulate some airplane resonant 
effect. For illustrative purposes, it is assumed that 
WAR - 1000 LBM =2.59 LBF SEC 

2/lN and has a natural 
frequency of 12 cps. Therefore, since GO - 2n-( \z) = ?s,4- ra.d/s«c 
and k. = no co2-, 

(3a.25) CA£ - Oj2 Wflc. =  (75. + )2(2.59) = 14,720 It/in 

Using 3 percent critical damping gives 

(3a.26) D*K * (.03)2 -/CWLWA«. = 

= Cos) Z^(/+)720)(?.5S) = IL72/b»ec/in 

The initial conditions are calculated for equilibrium. 
At time - 0, let Xf 

s 0 so that 2^D<XF> =0 
since Z6D<0 >  is always 0. Let VF0    = 1200 IN/SEC and 
assume that CAL -  CAD = O 

From equation (3a.6)^ 

(3a.27)  Sm =   FNM/CMr   =    2/.400/9530   «    2.245 in 

From equation  (3a.4)? 

(3a.28)   £WMO  -   -2.24S  in. 

From figure 14, when FyMS =• 2l,400lt. D 

2-SM • 23.98 in and from equation (3a. 1), 

(3a.29) I0 =  ZWM0 - Zs„ =  -2.245 - 23.980 =-26.225 IN. 

Also Z-AE.0 
= ^o = -24,225 in. 

For the example problem the effects of aerodynamic 
forces are not included in the flywheel simulation; 
therefore, CM  - 0.0 and C*L  « 0.0. 

The unsprung mass moving vertically, Wwv , is the 
same as WGW described in the Section 4a Wheel and 
Tire System (Flywheel) for horizontal motion. There- 
fore, WW = 1.60 lbf sec2/in. 

The average engine idle thrust is 1000 lbf. 
Therefore, Frn «• 1000 lbf. 
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3b.  AIRPLANE SYSTEM (3 DEGREE) 

The three degree airplane system is built around a rigid 
body airplane which is allowed to move vertically, hori- 
zontally (parallel to the runway centerline), and rota- 
tionally in the pitch mode. This model provides for the 
interaction of the anti-skid system with those effects 
which are related to airplane pitch. This includes such 
pitch effects as change in the aerodynamic lift, drag, and 
moment due to change in wing angle of attack, change in 
the aerodynamic lift, drag, and moment due to changes in 
elevator deflection as dictated by the stability augmenta- 
tion system (pitch mode), change in tire loading due to 
braking pitch moment, and the effect of ground slope and 
roughness as reacted through both the main and nose gears. 

A»  Mathematical Description 

Figure 15  shows the three coordinates which describe 
the airplane position relative to reference points on the 
earth's surface. 

Figure 15   Airplane Coordinates 
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Figure 16  shows the gear extended dimensions as mea- 
sured in the airplane's water line-fuselage station refer' 
ence system. 

Figure 16   Airplane Geometry 

Let ZäO<*> denote the runway profile height and let Z<=,DP<X> 

denote the runway profile slope. 

Nose Gear 

Let Esw and £SK) denote the nose strut .stroke and stroke 
velocity. From Figure  17 , ZSKJ and 2S*J are given by 

(3b.1) 2sw " zLw/w"* ^vw  £  ^HK)Q 

(3b.2) iSkJ-  £ww -Z  - ShWQ 

The nose gear shock strut  force  is  then given by 

(3b.3) FrH 
=»ViÄ<£*M>i"ft»jZjMtAw<ZSM> 2st0 \l^\ 

Fjjw,   the normal ground force at  the nose gear is  given by 

(3b.4)   FNM = SK> CC^r1" D^JS.J) 
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where Sw is  the nose tire deflection.   S^.   and Su are given 
by: 

(3b.5) Sw - ^ax { c.Gy Z.<>j><.XWN> * R<sru ~ Z-WM J 

(3b. 6) Sfsj  -   Zl^opS X WH / AW*J ~ Zl. w(o 

Summing vertical forces on the nose wheel, 

(3b07) WW(0 Z-VWKJ   
r   FJJK) - FVM 

(3b.8)  FDM -   UfcßKj "KIK* 

Main Gear 

Let Z$M and £<,M denote the main gear stroke and stroke 
velocity: 

* * * • 
(3b#10)HSA1 - LVM -Z  -t- SMMQ 

The main gear shock strut force is given by: 

(3b.11) FVM - FV^S^^SM) "^DVM ZSM +"AV*OUSM/ ^ 5,1*11 Z-SM I 

Let 5M denote the main gear tire deflection. Then the 
tire normal force is given by: 

(3b,l2)F*M= SMCCMT 
+
 I>MTSM) 

(3b. 13)   S^   =     »)a.JC   l O.o ^ ^6^AWM/ ^*S9TM ~ 2 vVivi J 

» _ 
(3b.14)  5^ -    -c.^pP\ X MM/ X WM  ~ £-w«t* 

Summing vertical  forces on the main wheel, 

(3b.15)   Www ^IVAI  -    r^*^  - I"VM +"  *<9K>V/ 

Figure 18   shows the model of the main gear.  With the 
assumption that the gear weight is much less than the air- 
plane weight (that is,Wlt«WA), it follows that: 

(3b. 16) WuSLöfr -   FuSGk - fvCSöu+SfrJ -Ts 
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Figure     18    Main Strut Model 

where  Z.^ is determined by: 

(3b.17)   ZGL - S6L- £SM 

FDU can then be computed from 

(3b. 18)    FDU.  - i^Q, Z*L + Ts )/$GUL 

where 

(3b.19) Fa- S&u(Ca(Q-e&) + D^^G5-6&)) 

Ts and Fg, are outputs from the tire and wheel system. The 
horizontal axle reference location is denoted by X^x. XA* 
is given by: 

(3bo20)   XA>   r   X - SH^i  +- ( S6u. + ZGu / öfr 

(3b.21)   XA> =   XtlS^t?^)^ 

66 

'•'.*•","-"-*• >"« .** •" 
J<    »"      .*    v* 

••>""1*'W 
'r>'i''"i"i\> V \ V it3 V "'••» *' 



Thrust 

Referring to Figures 16  and 17 , if FrH  is the thrust, 
then 

(3b.22) FTHV = FTH UTH+-Q) 

(3b023)TTH   -  STH FTH 

Aerodynamics 

The dynamic Air Force QA   is given by: 

(3b.24) QA "  X2Aß6F^HA /-zsa.o 

The aerodynamic lift, drag, and moment are then given by: 

(3b.25) FAL = C^Qp, 

(3b.26) FAD = CADQA 

(3b.27) TAM = CAm(?A 

If *w denotes the wing angle of attack relative to the air, 
then: 

(3b.28) *w = <*o  + I i60/7r)(Q - Z/X ) 

Let SHT denote the horizontal tail deflection. Then the 
aerodynamic coefficients are given by: 

(3b.29) CAL   - 6AL + Bftt^w + £At5«T 

(3b.30) CAD   - GAD + BAD**/ + ^AO^HT 

(3b.31) CAM 
5 ^^^ * &fiM°<w * EMM ^wr 

Dynamics 

Referring to Figure   17    , 

(3b.32) WAi = FAL + FTHv-WAG + 2FV„ + FVK, 

(3b.33) WA X = FT„ ~FAP +2FDil*-2Fu - PDW 

(3b.34) WXQQ = FVKjSHKi-2FVMSHM t2FwSVMa ^Tj« 
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where 

(3b.35) XWM =  X+ 5HW 
+ SVNJQ 

(3b.36) XWM= X + SvuQ 

Figure 19 shows the system flow diagram. 

B.  PARAMETER EVALUATION 

Shock Strut Characteristics 

Figures 20 and 21 show the nose gear load and 
damping characteristics. 
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Figure 20 Nose Gear Damping Curve 
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Nose Tire Characteristics 

See also page 57      of the flywheel system. The 22 x 6.6-10 
16-ply rating nose tire has a rating of 9150 lbs. at 190 
psi. The deflection is 1.50 inches. The operating pres- 
sure is 190 psi. Since these are two nose tires, 

(3b.37) C»r *   (Pi  rR Fo    - ( ISO \ (2)(9|g<0 
K\90J     i\.SO) 

-2)200 Ik/in 
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Since y  - 0.1, 

(3b.38)Cwr = 2llft  IL\J$* 

10 .'1 

- ( 1,S"0 s 5~Ö,k lUsflc 
304»       ~~^"£ 

The nose tire rolling resistance coefficient is IW^ - 
.020 and the unsprung nose tire mass (mass of tires, wheels, 
axle, and lower shock strut) is WwN • 175/386 « .453 LBF 
SEC /IN. The nose tire undeflected radius.ReTtf, is 10.8 in. 

Main Tire Characteristics 

The main tire undeflected radius, <?er*i, is 23.32 inches. 
The other main tire characteristics are computed as shown 
on page 56. 
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Main Gear Characteristics 

The F-lll main gear spring rate parameters were computed 
from load-deflection data recorded during structural 
testing and correlated with data from jig drop tests and 
from flight tests. 

Figure 22 shows the model which has the same form as that 
described in equations (3b,16) through (3b.21) and in the 
wheel and tire system. The rotational spring rate of one 
main gear about its pivot is 20 * ioL ui ik/Va-ct. 
The remaining values are calculated (at static position) as 

(3b.39) 

5Gu -   2i,e  In 

1   W*   -   l~i s> lW -  .72 3   \\>  SecVm 

WGW = VVw* ' 6H- U>»> * /.667 /bffec*//* 

Thus  from figure    22    ,    Cu is given by 

(3b.40)  Ca  =   CLLUCT)/SGI    '   Zk* \tk'/^ '-   SS)OCo\\>Jm 

The first mode natural frequency of the model is 21.84 cps. 
Assuming that \ is .054 (about 3% critical), then evalua- 
ting the damping at M,' ~ un)( 2t. £* ) - >3'?A" »-*cl/se:< 
there follows: 

:-x 

(3b.41)  P^   -  ?iCo   -  (.c-5 4)(2QC;OrcJ - 7e,fc   Ibsrc 
UJ ih 

(3b.42)  Du   -   TlC»   -   l-O^lLi^CCO   --   2 3. *   I Li* x 7 co r i37. 5 ) in 

tw 

ÖG-J* 

Figure 22 Main Gear Strut and Wheel Model 
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Aerodynamic Data 

For finding the aerodynamic data,  the F-111A is landing 
with flaps  at 34  ,  wings swept to 26  ,   and spoilers ap- 
plied.    An equilibrium airplane condition of AW  = 2° and 
SHT  -*5    is  assumed.     For these conditions, 

(3b.43)Cu = 0,,3       Xu  =.128 cU^' iCjL -   <£2 2a^~* 
d<x 

(3b.44)C0- »258     XD = .OOOdu^ 

^SH; 

(3b.45)CMA- o,oo     äC*A =. -.025 &Ö i     ^ «H*-s = -C3S2 ck- 

The aerodynamic reference point  is  F.S.   526.8,  WL 197.2 . 
Assuming the airplane C.G.  at F.S.   519.0, WL 180.0,   if 
AX  and &y   are given by: 

(3b.46) Ax =• F5A ~ FSCG  ^  52^.9-5^.0 ^ 79  mchej 

(3b.47) Ay = U/i_A - WLC& =   137. 2 - *8&0  =  I 7. Z inches 

Then if C - 108.5 inches  is  the length of the M.A.C.,   then 
Cf^C  at the airplane C.G.   is given by: 

(3b.48)CMC   =CMAC -C^X^DAY 

-   (o.o)Ltoe.$)-( 0.13)(7.e) +- 02&X/7.Z) =34-2*- /S)c6ez 

Also, 

(3b.49) X*C   =   JCMAC   - K*. LX  t Xi>Av 
i^'^Vv &<3(W Jo^vv Jo<W 

r (,-.6/2b)(iü8.s) -(.i29)(7.^)i- (o,oK<7.2) -   -.371 

(3b.50)^CvvcT  =    Xr^C  -  4£u &X t $Cp Lv 
^Srtr C^SHT ^>Srtr ^SnT 

^ (-,03S2)(i0g.s)-(1D2z)(78)-1.003^)07,2): -3 755 

Thus from equations (3b.29), (3b.30), and (3b.31)} 
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(3b.51) CAL = CU = o#r3 

Eat. =t^C»_/^Srir) - .022 tktfj ~ i 

AD = CD = .258 

(3b 52)I AD =t^C'o/^«^vw) - O.o ^M 

I CAM - C^c = 3,4-24- 1/n, 

(3b.53)l^Am " t äC»v\c/^^w) - -.371 nx/dce^ 

I HAM -(.^CwC/^Snr) - -3, 7s? lit/due, 
(3b.54) o 

G AL 

(3bc55) 

G"AD z 

(3b.56) 
& /MM 

C^L ~" SAL^^V " t AL S,-»T 

.Gi3 -CJ^)(2) -(JC"2Z)C-^'
6) = -.Ctfc 

.259 - C0/ö)(2) - (-.OO^Ot'S-) ~- ,2.40 

Initial Conditions 

Assume that at time = 0o0 seconds the airplane velocity is 
2400 in/sec = Xo. The airplane is shown in Figure 23 
with brakes off. 

Figure 23 Airplane Initial Equilibrium Forces 
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Assume that <*w = 3  and SHT = -5°, then from equations 
(3b.29) (3b.30) and (3b.31), there follows: 

(3b.57) CAL= C-.Oifc) f C.QöVU) ¥l,Clz){-s)  -Q.llZ 

(3b.58)^Am^ U.2SÜ f (-.37)) ft) +l-a.7S5)C-5) z 19,973 

Since SHKJ - 258.9, SH*. - 32.6 inches, TJ-H - 20,000 in/lb., 
and if the estimated value for HST is 97.2 inches, then 

(3b.59) ^M =  fljVij i-T^,v,)i-($.^K»-HsT>^)UvAe -rAL)\ | 
( (%W<"^HM)  + Ht,r (JL>M->>M) 

Now from equations   (3b.24),   (3b.25),  and  (3b.26), 

(3b.60)QM - C24Oc02(S25)(,002.3e)/2.e8   = 2SO0O |b 

(3b.61) F/VL *   (,22l)(2SOöö) -   ssoo \h 

(3b.62)TArvi =   C 19.973 )(25OO0)  -   455,BOO  ihlt 

Thus, 

(3b.63) Fww - 1 A gjg ScyO + U£7)(S706£ - SSQo)\ 

So 

and 

U   S.l ) t-  (97.2)(< 

(3b.64) FMM » 22 568   lb 

(3b.65)FK,K,   -    WAG  -FAu-2FNM 

r     5 70OO - bSOO -2(2.2 99e) - 5524- U» 

Assume that when time - 0 that Xvw = 0;0 inches, then 
ZGD<^^)= 0.0. Then Xwu • 295.1 inches so that ZGD<**W) 
= (9.676-9.703)12 = -.32 inches. Refer to the runway sys- 
tem for values of Z6D . From equation (3b.12): 

(3b.66) SM ^U29ö9)/(SS3o) = 2.4-) Ln 

Thus  from equation  (3b.13) 
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(3b.67)    ZwMo  ~  2^'ZZ  -2..1I   =  20.91    in 

From Figure   14    in the flywheel system,   if Fvr*s   Ä 22,950 
lbs,   then Z^ = 24.00  inches.    Now,   from equation (3b„4) 

(3b.68)   Sw  =(552.4-)/(U,ZCO)  =  .4fc  In 

From equation  (3b.5),   there follows: 

(3be69)   £WHO   '=   C--.3Z) *(  ICVfco)   -t>4c,)=   10,02 u. 

Also,   from Figure   21 , if FyW$  = 5,600 lbs.   then:   L^sSin 

Rearranging equations   (3b.1)  and  (3b.9) 

(3b.70)   2-0 t- SHUOO   '  SVIJ ^Z-wuo   "'^sio 

(3b.71)    Z^ü   "   ^HMU-u    "   >vM   *"   2-WMÖ   ~   i-SM 

Solving these two equations, 

(3b.72) QQ   -   ,0229   e**«*K»S 

(3b.73)  Zc   =    92.3b   in 

Finally, 

(3b.74)  Xo  -   XWMO *  5HM   -    3d».20 in 

(3b.75) e>GC   = Qc --• .0 329 E«p>rtPS 

The values of the following parameters as listed in Table 
6 are established by the airplane's dimensional and mass 
characteristics: ctoyoLfrty /Idep, Sen. t Si*m/ frhJj  JV/n, Sv^/^ 
ST* , \A/A dhd  Wia. 

For the example problem the density of air at standard 
conditions, sea level and 59.6 F, is assumed. Thus, 
RHA= ,OOZ3Q  S/t/fs/Pt* 

The shock strut linear damping coefficients, Dvu for the 
nose gear and DM f°r tne main gear, are set equal to 
zero for th«? example problem. 
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3c.  AIRPLANE SYSTEM (6 DEGREE) 

The six-degree airplane system is built around a rigid 
body airplane which is allowed to move vertically and 
horizontally (both parallel and perpendicular to the run- 
way centerline). Also, the airplane's yaw, pitch, and roll 
effects are considered. This model considers all the ef- 
fects found in the three-degree airplane system. The pur- 
pose of the six-degree airplane is primarily two-fold: the 
first is to evaluate the effects of the anti-skid system 
on the airplane's directional stability; the second is to 
evaluate any anti-skid system degradation caused by air- 
plane yaw and side drift movement. 

For the nose gear, the model considers the tire and strut 
characteristics in the vertical direction. Also, the nose 
tire's yawed rooling characteristics are included. The 
steering loop is closed by providing a "pilot" function 
which provides an input to the nose tire. The "pilot" 
function depends on the airplane's yaw angle. The two 
main gears are treated as two distinct systems except for 
any structural coupling which may exist between the two. 
Provisions are made for side wind perturbation and for 
aerodynamic effects caused by airplane yaw and roll. 

A.  Mathematical Description 

Figure 24 shows the six coordinates which describe the air- 
plane position relative to reference points on the earth's 
surface. 
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Figure 24 Airplane Coordinates 
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VWY is a crosswind. The runway is oriented so that its 
centerline coincides with the x axis for 0 inch runway 
heights (ZGD - 0), This analysis assumes that the pitch 
(Q) and roll (P) angles are small* Let ZSD<x,y>denote the 
runway profile and let Z^op<x,y>denote the runway slope 
(ZeDp<x,y> = dZ«D< x,y>/^x).  Figure 25 shows the airplane 
as measured in the fuselage station-water line reference 
system. 

Nose Gear 

Let ZSN  and ZSN  denote the nose gear stroke and stroke 
velocity.    Then we have  that: 

(3cal) ZSNJ = ZWf4 
+ 5VN,-Z-SHKJQ 

(3c.2) Zsw *  2WW - 2  - 5HMQ 

The nose gear shock strut force Fvw   is  then given by: 

(3c.3) IVN = fvws<Z,KI> + DVK1ZSN+- AVN<2sN>Z5N,l Zswl 

Figure   25   Airplane Geometry 
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Figures 26 , 27 , and 28 show the forces acting on the 
airplane as seen in the different planes. Let FLN denote 
the lateral force on the nose wheel at the axle. Then: 

(3c.4) WW;gYw = FSN1S - FL M 

Where FSNJS is the lateral component of the sliding or cor- 
nering force of the nose tire. The load FLN) is caused by 
the nose wheel trying to move laterally relative to the 
airplane. If this lateral displacement is denoted by YDUU, 
then: 

• 
(3c.5)    FUM   -   CLKJ   /DLKJ  +   UUM  YDLKI 

(3c.6)yDLAJ- yN-y+-(2.+S„WQ)P - S„WR 

(3c.7) y0LNJ=  VM-V-^ (^ + SHKJQ)P • (Z+SHMQ)P-SHMR 

Now FNN) is  given by: 

(3c.8) FWN1 = SM (CMT^DNJTSK,) 

where 

(3c.9) 5N = max {o.o, Z.ae><XWN) YN) +- RSTNI - £WM} 

(Sc.lOJS^j   =     C.ScjpN X\A?M >'N / ^WkJ  ~" £ WM 

Summing vertical forces on the nose gear unsprung weight: 

(3cell) Www 2^^ = F^u - FvW 

Assume that the pilot positions the nose wheel with a rate 
proportional to the airplane yaw angle. Thus: 

(3c.12) 6K, = minion   - GPlL R    i* 0N £ GKJWSX 

®N gives the yaw angle of the nose wheel with respect to 
the airplane $ .  The yaw angle of the tire with respect to 
its direction of motion is given by0yAw» 

(3c.l3)9YAW= 8,^R-(yw/LN) 
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Figure 28 Airplane Dynamics (Roll) 
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The steering characteristic is developed from Reference 1 
(p. 30). Let UWTF be the coefficient of friction between 
the nose tire and the ground. Then the maximum force nor- 
mal to the tire in the plane of the ground is FNTF where: 

(3c. 14) PNTF = UWTF FNN 

Using equation  (79)  and 80)   from Reference 1  : 

(3c.15)  LUr  =     ) PWC$YAW/W 

(3c.16) F^CFS 
= 

if   F~,7ir   >o 

o \i    FHTF ^ ° 

FNjrF if Uer * l.S 

W CUftT-4 Uir/Zl)    L-J }UeT}< 1-5 

- F MTF ii U.RT ± -i-S 

Thus,  FNCFS   corresponds  to   Fy,r,e   in Reference   1    and Pwc 
is  the cornering power given by: 

(3c.17) Pwc =      j CnSw - CP2^H \f     Sw ^ Sp, 

The actual normal cornering force FNCF   is not FNCFS ,  but 
lags  FNCFS   because of  the tire relaxation length.    The ex- 
pression for FNCF  is given by: 

(3c.18) F^p. =   C KiCF5 - F^p )( XwhJ/£yßu) 

Having obtained FNCF ,   then from Figure   29 , 

(3ce19) Fsus =   FN,CFC^,<©M+^> ~ UßeN,FNNuu^<©N^R> 

(3c.20) FDNJ =   FNCpaft^o<e» + R>+-U„WFNN c^<eNtR> 

9N+R 
rsws 

Figure 29 Nose Tire Cornering Force 
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Main Gear 

Let ZSM and ZSM denote the stroke and stroke velocity. 
The additional subscripts L and R refer to the left and 
right side of the airplane (looking forward). 

(3C.21)   ZsMR   =    2wMfc   "   t-    *   ^VM   *   5HNlQ    +   ^<&IA/   P 

(3c.22) 2*«* * SwM^-i  -*-SHMQ  + S6VA/P 

(3c.23) 2sMU = 2V/ML - Z  + 5VM + SHMQ - Sfivv/ P 

(3c624) ^5MU   - 2*ML   - Z   +   SHMQ   - S«WP 

The main gear shock strut forces are then p.ven by: 

(3C. 25) "VMK  " ' V'MS^ ^5MR/      i/UM^-SMR      ^VM^ £sM*/£sMfe|*-S.j*1ft.l 

(3C. 26) Fy,^ =   fVMS\ ZsML/  "'"DvM ^SMU+ ^VMN ^SML' ^SML ' ^Mt ' 

Let SM denote the main gear ti~e deflection and let FK,M 

be the associated load. Thus, in the vertical direction, 
the relation between the load and tire deflection is given 
as follows: 

(30.27)^^*2 " SMR (CMT * ^MT-SM*. J 

(3c.28)F*ML *SKtt.{CMr*-2)MTSMl.) 

(3c.29)5M/i = max{ o, ZGD^WM^-J^MR) *" R©TM "^W^R/ 

(3C, 30)SfvtR.   =    £.&Dp\   *WNjfc )   /r»**/   /*WMR    "  iwMt 

(3C.31)SMU   -    maxiöj  tfiD^WML/ML/ *N®TM "ZvvML. J 

(3C.32)SMI_  =  ZsDPN^WML , ^ML/ AWML  ~ <£ VVML. 

Summing forces  in the vertical direction on the main gear 
wheels, 

(3L.33)WWM ZWMI2 - r^r^o."" »vria + '©R-VR 

(3ce34) WWM ^V/WL  = rVjML. — '~vrvii_ **"  ""SRV/L 

Figure 30 shows a side view of the left hand main gear. 
With the assumption that Wu«i<   WA , SGfL and 0SU are des- 
cribed by: 
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where 

(3cc35)WuS<&ü6&e = SGUFUR "^ (Seu+ZGLRAFTL-FTR-F^) -~QÄ 

(3c«36)WaSsu^6L = SGUrUL+ (SOU. + £&LL)( ^"'TL'^L) ~TSL 

(3c. 37)  "Z.<sLI2.   "  SSI_- 2-SMr* 

(3C.38)     2-6LL   =   ^6L -   CSML 

The forces  FTe  and Fru  are used to impart the    correct mo- 
ment into the gear. 

Figure  30   Side View of the Main Gear Strut 

The overall gear system model is  shown in Figure 31 .     In 
order to transmit torque properly,   the forces  FTR»  and 
FTL©   are applied equal and opposite on different sides of 
the gear.    Thus, 

(3c.39) FTR© = F&S? CS«w ~ 5&s)/zS6S 

(3c.40) FT|_© = FGi_ (S6W-
<SSS)/2S<5S 

If it is assumed that 100 HA percent of this  torque is 
taken directly into the airplane,   then 100 H6 = 100-100 HA 

percent is  transmitted through the gear.     Thus, 

(3c.41)  FT^ = HG.FTZ* 

(3c.42) FTL = HG FTL* 
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All spring loads 

positive in tension 

X-- 

GW 

au* 

Figure 31 Main Gear Model 

90 

,  I,II., •!,!-. m 11^ •y.ny.j npj y • j • _. q l^fffff <*** %^ ,t ,», .», ^» 



Let QR and QL be the difference between the gear rotation 
and the airplane rotation» That is, 

(3c.43) QR • Q - 9*R 

(3c.44) Qu 
= Q - ©«. 

(3c.45) Qß = Q - 06* 

(3c.46) QL = Q - e*u 

Then we can find constants CUi » ^KZ , DU| >  and   Duz such 
that: 

(3c.47) Fotz = S6a(Cu.QB-CuzQu) + S<fcu(DuiQB-DuxQL.) 

(3c.48) FyL. = 56u.(Cu,Ql.-Cu2Qa)^Söu(Du,6c.-Du2Q^) 

It then follows, assuming negligible strut moment of in- 
ertia that: 

(3.49)   FDUZ = ((F&e + FrR-FrJZö^i;e)/S6u. 

(3c.50)rDIXL = ((rfrL+-F>L-FrR)Z&LL+TSl.)/S6a 

As outputs  to the tire and wheel systems we need to com- 
pute XAX  and YAX .    XAX   is  shown in Figure 30.   Y*x   is as- 
sumed to be the undeflected tire footprint position in the 
y direction. 

(3c.51) xAXL=X + StwR +SVMUQ +(<5<S,U
+^LL)^L-S„M 

(3c.52)XAXB. = X-SswR ^-SVMUQ+-(S6utZ6Ui)06R:-SHM 

(3c.53)xAXL = y + sÄW£ +SvM*Q+(ssu+ZsLU)e6L 

(3C.54) W = X ~ S*u/R + Sv/MuQ + (Sfiu+ £»I*)£«R 

(3c.55)yAxLs y-ssw-(SHM-SvMuQ-(s&lc+-z6Lu)ö«L)e 
"  (Sv/MU *   ^*U  +  Z&UL J  P 

(3c.56) yAxfc= V-*"5Än/- (5HM"SVMUQ ~(SSU + t^fi)OeK.jR 

(3c.57)yAxL= y -(SMM-5VMUQ-(SSU+HSLU)9&L)^ 
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(3c.58)yAxR - y-(sHM-SvMuQ-(s<u + 26uK)eÄe)£ 

""   ^VMU    h,S<SU.+    2-&Li?^P 

Engine Thrust 

Referring to Figures   26   and   27 ,   if FTH   is  the engine 
thrust,  then 

(3c.59)  F-THV =   FTH (crHtQ) 

(3c.60) TTH   = $T* FTH 

(3c.61)   FTHS=   FTHJ? 

Aerodynamics 

The  following eight equations apply as  in the three- 
degree model. 

(3c.62) QA = X2/W ^HA/28ö 

(3c.63) F^^C^Q* 

(3ca64) FAD =CADQA 

(3c.65)T;M = C*MQA 

(3c.66) <Kw = *o +• CI8O/TT)CQ - 2/# ) 

(3c.67) CAL =    GA|. *  BAL^W +" EAi_SHr 

(3c.68) CA[> =   GAD +• BADo<w -h £AD SHT 

(3c.69) CAM -   GAM +"  BAM-<*/ + ^AM^HT 

Let VWy denote the wind gust velocity as shown in Figure 24 
If y and ß are defined by: 

(3c.70) V = (, Vwy + y)/x 

(3c.71) /3 = ü8O/TT)0- R) 

Then /3 is the angle of sideslip. 

92 

***,  » <>.>,•- 



Let QAT denote the dynamic air pressure  (including side 
wind) multiplied by the reference area.    Then: 

(3c.72) QAT-  CCVwy + y)l+-X2)AeeFl?HA/288 

Then the aerodynamic yaw moment is given by: 

(3C.73)TAV = CAN/3 QAT 

and the aerodynamic side force is given by: 

(3c.74) FASy -CAy/3QAT 

Finally,  an aerodynamic force FASL   due to a combination of 
lift and pitch is: 

(3c.75)FASL=  FALP 

Refer to Figure 27 as to the direction of these forces. 

Dynamics 

Referring to Figures   26   and   27 ,  summing forces  in the x, 
y,  and z direction, 

(3c.76)WA* -FAL+-FTHV-WAG + f£Me + FVMUtFvw 

(3c. 77) WA X - FTH - FAD 1- FDue + rDUL - FUE - rJjL - FPNI 

(3c.78)WAy = FTH3 - FsrR - F;TL + F^ + I>SL-FASV 

Summing moments about  the CG.  we have: 

(3C.79)WEQQ    =     ^VN "^liW "" FVMgS^M "   ' VMU^HM    "*" 'DUli ^VMU. 

"*" ' DUL^V^U + *TH "*"  ' hM ~ 'ueC ^&u,+ \MU ) 

— FUL (S/iu. "*"5VMLC; - FDN (2 " Z-GD^ww^J 

(3c.80)wr^S = FLMSHM -*-s*t( F"ufe-rUL + r&UL-FDuft)+TAV 

+  2 HA [ ^"TK.© - FTL.O ) S GS 
(3C-81)WIC>P = (FvMi_-FvM*)sftw + F;,YHAP 

- C t - *«<*,y>) (rSTRL t- FSTL t- rLM) 

(3c.82) XWM   =   X +ShKI   ^SVN,Q 

(3c.83) Xw„   =   X   + 5VKjQ 
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B.  Parameter Evaluation 

Nose Gear Characteristics 

Based on a nose gear lateral natural frequency of 12 cps, 
we have con - 2ir(12) = 75.5 RAD/SEC. Since Www = .435, then: 

(3c.84)CLKI = Wwu^S - .435-(75.5-)2 = 2480 lb/in 

Using fj -  .054 as in the calculation of DG in the three- 
degree model. 

Vo (3c.85) DUtJ =   ^CLNJ/cOr, = C.054)<24-ao)/7S.5 * 1.78 lbs«rc/t; 

The steering or cornering characteristic parameters  are 
obtained from Reference 1.    Based on Figure44(a) in Refer- 
ence 1,  the value for UNr*   is: 

(3c.86)  U-urp =  F%r,ec•ax)/Fa   ~    ZZrooo/ASZoo - .5S3 

Using equation 82  from Reference 1,   if K -    ( P+-.44-PR.)w
2 - 

(1.44) (190)(6.6)2 = 11,920 lb.  then: 

(3c.87) O = \.Z CiK/d • LuX^VimzöyzZ *27o(,o Ib/K&A ,,, 

(3c.88)C« » aeCeK/d** t&#f?)LUW)/{ZZ)X U*& UoJRaA at* 

(3c.Z9>Os*,otf4>CcK *L'*>fft*T&MJU>) ' 4*79+ lb/R.*A 

(3c.91)Sp, =  .0875d  »  (,087s)(22) - 1.925   in 

From Figure 43 in Reference 1 we see that the cornering 
force lags the yaw angle. Equation 63 in Reference 1 
shows that the equation which describes the carves in 
Figure 43 is given ty: 

(3c.92) ry>r = ( i-e  *) ryjrwaix<öv^> 

where Ly is the tire yawed rolling relaxation length. 
Differentiating this equation, there follows: 

(3c.93)  dfv>r = £**   Fy,,wa,<ev,J 
da i-y 
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v rviax 

Eliminating   e results  in: 

(3C.94)   rYir  +   Ly   d,Py,r     «      Fy> 

Equation (3c.18) is obtained by using: 
« 

(3c. 95) d_fy1r    =   d FVjr / d< a    F>>cPr 
dx dt /   dt 

<^YAW> 

X ww 

where it is assumed for large airplane velocities that 
XWNI = dx/dt0    We see that  the parameter SyßL   is  the relax- 
ation length.    From Figure 39 of Reference 1,   for most 
conditions,  Syeu   is obtained from: 

(3c.96)   SyEL= .^(Z8-,8P/Pr) 

=- O)0,,4)(2.g-.8) - 7.32 in 

Main Gear Characteristics 

For many airplanes which have a conventional strut arrange- 
ment (similar to a B-58) most of the moment about the shock 
strut £ is taken out through the shock strut. In this 
case equations (3c.41) and (3c.42) would use Hö = o.o. 
In the case of the F-lll gear the opposite result occurs so 
that H6 * 1.0 and HA « 0.0. The following values apply to 
the F-lll gear: 

f wa = .723   lb S€cVin 
Wwv '   1.6*4.7  lb secVin 
Zl.oo io 

9/) \ Ssw   - kO.oo  iio 

I S&s  • 20.00  in 

( 
Hfr   = l,o 

HA   -- o.o 

•v.t) = Kit) =   F^>    are applied * If loads 
figure  31    ,   then because of symmetry,   the result will be 
that Qf> = QL   .    But then equation (3c.47)  says  that 
Cm - Cuz = RJR/SSUQR     but   Cu = ^ue/S&uQß 
as shown in the 3 degree model.    Thus 

(3c.98)   Cw, - Cuz   = Cu.  =   59000   \h/ir) 
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With the main gear at static, if a drag load of 18,000 lb. 
is applied to the left gear at the ground and -18,000 lb. 
is applied to the right gear at the ground the observed 
deflections with Q - 0 are QL - .0236 rad and QR - -.0226 
v*a.d.  (Assuming a lateral beam torsional spring rate of 

43.C?x \Ob  in lb/retd ). 

In the equations which describe the gear loading ~TSR  and 
TSu can be chosen as 0 if Z&l_u   and ZÄUR. are the dimensions 
to the ground instead of the axle.    Thus   Z&L • Isu.   " 2-G.LR = 
2.2 + 12.9 = 21.4 in.    Equations  (3c.35),   (3c.36),  (3c.39), 
(3c.40),   (3c.41) and (3c.42) can then be combined to give 

(3c.99)E,»-f7„  afS«u»Z*t-\fcr -F^V I  +• Hs/ S&W ~ S6S i 

=  /2i.Q* 2).4\ (-34.000)/ I + / feO-ZP^  *   -2 \2}000 lb 
"  21.0        / V       V    20 

Subtracting equation (3c.48)  from (3.47)  results  in 

(3c.100) FUIZ-FUU •= CCu.+-Cu?)S6u,0R - (Cu.+ Cuz)S&uQi- 

So that 

(3C.101)CU1 + Qz   =     -2IZOOO =       2\4->000   \^/in 
(2)(2\.o)(-.OlsZj 

Adding and subtracting equations (3c.98) and (3c.101) 
results in 

(3c. 102)  Cu.i   -    53QOr   tx|4QOO     =      \3<*>S0O   \)o/lr> 
2 

(3c.l03)CwS =    2i<),ooo - 5S0QQ     =      77, soo IL/in 
2 

At a fore and aft natural frequency of 137.5 rjtd/*£c3 

the damping coefficients    DU1      and   Duz     are given as 

(3c. 104) Du.   =   T^Cu./u;   » (•O54)().34>xl05')   =  53.*  lb sec/in 
(137.5) 

(3c.105)   Duz r    7Cu2./u^  =  C,054)(.77SX|QS)^ 3o.5   IJ> sec/in 
(1375) 
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Aerodynamic Characteristics 

The coefficients for equations (3c.62) thru (3c.69) have 
been derived in the 3 degree model. For the F-111A in the 
landing configuration and wings swept to 26 degrees as des- 
cribed in the 3 degree system, CN/3 » .0014 and Cyß  • -.021. 
Then the coefficient CAy is calculated from 

(3c. 106) CAy = -Cy/3 - .02J ^l 

Let AX« FSA - FSCG as in the 3 degree system where 
FSA = 526.8 and FSCG « 519.0. Let b be the wing span. 
If b = 756 in., then 

(3c.107) CAM = bc> - AXCyp 

(3c.108) CAM - (75C)(.OCI<0 - (7^o)(-.Oai) = IZZZ  w*/d^ 

Airplane Characteristics 

The parameters listed in Table 7 describing the airplane's 
dimensional and mass characteristics are those previously 
derived in the 3 degree model or simply a listing of the 
appropriate values applicable to the F-lll for which no 
derivation or computation is required. 
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4a„  WHEEL AND TIRE SYSTEM (FLYWHEEL) 

Figure 33 shows the components of the wheel and tire system, 

Tread 

Wheel 

Stators 

Rotors 
Brake 

Flywheel Axle 

7-vF 

Figure 33  Components of the Wheel and Tire System 

In the vertical, or Z direction, the axle, brake, wheel, 
tire, and lower shock strut are combined and operate as a 
single mass point«, A description of this mode is found in 
the airplane system. The airplane system furnishes various 
inputs to the tire and wheel: Vf   the airplane (flywheel 
surface) velocity;fv,M , the vertical load between the tire 
and pavement;5M , the tire deflection. The brake torque 
'77?r *-s an input from the brake system. 

The horizontal displacement of two masü points is con- 
sidered. One mass point is made up of the axle, brake, 
wheel, and the inner part of the tire and its location is 
designated asXw. The other mass point is the tire tread 
and its location is designated asXrT. 

In rotation, there are three mass points: the axle and 
stationary brake elements make up the first; the brake 
rotors, wheel, and inner tire make up the second; and the 
tire tread makes up the third. The angular positions of 
these three mass points are denoted respectively as Os> 
6w^and0T. Let Fö be the horizontal force acting on the 
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axle and let r-rr be the net horizontal force between the 
wheel and tire_tread0 Figure 34   shows the location of 
these forces„ Fß- is the horizontal force between the tire 
and the flywheel surface. 

Tread 

Tread 

IWheel and B :ake 

BT 

Figure 34  Tire Horizontal Model 

A.  Mathematical Description 

Equations describing the tire and wheel behavior are de- 
veloped by referring to Figure 34  . Forces F6   and FTr 
are defined by equations (4a.1), (4a.2), and (4a.3) as 
follows: 

(4a. 1) F6 - -CGH XW -D««XW 

(4a. 2) FTT= CTr(Xrr-Xw) 4- Err(XTT-Xy) 

(4a.3) DTT(XV-XJ - ETr(XTT-Xv) 

Equations (4a.2) and (4a„3) describe a type 2 spring- 
damper system as defined by Figure 38   and discussed in 
the parameter evaluation. 
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Let Wsw denote the mass of the axle, wheel, brake and inner 
part of the tire. Let WTE denote the appropriate tire 
tread mass. Summing forces in the horizontal direction 
givss: 

(4a.4) WGW Xw  = FG * F-r 

(4a.5) WrEXTT- - FTT - F*r * F*RH 

Where F^RM is a force produced by tire unbalance, the cor- 
responding vertical part of this unbalance force is de- 
noted byFSBV . These two forces are given in equations 
(4a.6) and (4a.7). 

(4a. 6) FeeH = ^Wr^(9T> 

(4a.7) Ftfev = £V© Wr c^a,<©T) 

Wr ander are the rotational speed and position ot the tire 
tread. 

The rotational schematic of the wheel and tire system is 
shown in Figure 35 

Wheel + Rotors 

Axle + Stators 

Hr 

BT 

Figure    35      Tire Rotational Model 

Let TRT   and T5   be defined by equations   (4a.8),   (4a.9),  and 
(4a.10) as follows: 

(4a.8) TRT = CRT(ew-eT) + ERT(ew-ev; 

(4a.9)   D8r(6v-9r)  - EeT(Gw-ey; 
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(4a. 10) T5 = CW6S4 D„e5 

Let HT be the height of the axle above the ground. Let 
TRR be the torque on the tire that produces rolling resist- 
ance. These two quantities are given by: 

(4a. 11) HT=   f?dT-SM 

(4a.12) TBe = SM( DSR* DvftWr) if   Wr>o 
o if    Wr = o 

*/•*<'-"•<•>•'•/»*'*•'* i' 

If T8T is the brake torque, then torques can be summed to 
obtain the following three equations: 

(4a. 13) Wjsäs = Tar-Ts 

(4a. 14) WIW8W = -*Ter -TBr 

(4a.l5) WrTer = HTFBT +• TeT - TRR 

The rolling radius of the tire is obtained using the 
methods of Reference 1. Denoting the rolling radius as 
£T, it is defined as: 

(4a. 16) RT = f^T - j Sn - UßR ( XrT - *vJ 

Let VRS denote the velocity of the tire footprint . Rela-     y, 
tive to the flywheel surface withWT • 0, let VR be the        % 
relative velocity includingWT. 

(4a. 17) VES = VF' + Xrr 

(4a. 18) V* *  Ves -RrWr 

Here VF is the velocity of the flywheel surface. Adopting 
the convention, W'T -9T ; W <;=€>«; J and Ww - 0W,  the 
relative angular velocity between the stators and rotors 
is denoted by w© and is established by: 

(4a..9) WB = Ww -Ws 

When a tire is moving over a runway with any appreciable 
amount of standing water or slush, a hydrodynamic "wedge" 
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of water starts separating the tread and runway surface. 
It is assumed that the length of this "wedge" is propor- 
tional to V2S  and at hydroplaning speed, VHy , the tread 
is completely separated from the runway.  In equations 
(4a.20) and (4a.20) the coefficients CHy and D*y  are used 
to define hydroplaning effects and water drag on the wheel. 
For dry runway conditions, CHV and DHv are zero.  The hori- 
zontal force between the tire tread footprint and the run- 
way surface is established by equations (4a.20), (4a.21), 
and (4a.22) af follows: 

(4a.20) *W = FNM 0 -CHy(Vcs/VHV)
2) 

(4a,21) FBT = FMMFUr + £>hyv£ 

(4a.22) UT   » UTI + (UTZ- ETVBs)e
WVk  if V,>o 

° uV      if Ve = Ö 
-UT, - (UT2- ETVRS) ft" 

e  ii \/B<o 

Figure  36  is an equation flow diagram showing the re- 
lation between equations (4a.1) through (4a022)e 

B.  Parameter Evaluation 

Gear Characteristics 

The mass W6W is made up of the mass of half *:he shock strut, 
half the lateral beam, the axle, the wheel, tue brakes, 
and all but one-third of the tire tread«, The sum of the 
masses of these components totals 616 LBM. Thus,Wew = 

(o\(c/38L =•   1.4,0 lb 5«cVwi -   The fore and aft natural fre- 
quency of the gear (as calculated from deflection data) is 
21. 84cps = 137.5 r^d/scc . Using the gear mass, with all of 
the tire included (644 LBM), the spring rate C6ncan be 
calculated as: 

(4a„23) C6fp mwj = p4\(r37,s)' - 3^500 lb/in 

A typical approach to estimate the damping coefficient 
is to use 3% critical. Thus, 

(4a.24) DG*= (.03) Z\ nr\CG   ={Ob)J(:±±\%\SOo   -   13.8 lbs*c 
1 1\3*<>) -fT 
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Tire Tread Characteristics 

The principle underlying the calculation of the tire fric- 
tion coefficient is that compared to the rest of the tire, 
the tire "footprint" is totally inelastic.  (The tire 'foot« 
print" is that portion of the tire tread which is in con- 
tact with the ground). Thus, if the v< ocity of the foot- 
print and the friction vs. velocity curve for the rubber- 
surface interface are defined, the tire friction coeffi- 
cient is established. In order to predict the motion of 
the footprint, the tir^. tread is assumed to behave like an 
inelastic ring which is supported on the wheel as shown in 
Figure 37 . 

Inelastic ring 

Torsional springs- Trans lational springs 

Wheel 

F 

M 

H 

Figure 37 Tire Tread Model 
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The horizontal position of the footprint is assumed to be 
the same as the horizontal position of the ring center of 
gravity. A frictional force F^ applied at the ground can 
be resolved into a tran^lational force F - FH acting at 
the rins C.G., plus a moment M * FH»H acting about the ring 
CG. 

For an actual tire with distributed mass and elasticity ap- 
proximately one-third of the tire would move with the foot- 
print in response to force, FM. Therefore, it is assumed 
for translation the mass of the ring,WTE > is one-third ~f 
the tire tread mass, which is 84 LBM. Thus, WTE = (84)/0* 
386) - 0.0725 LBF SEC2/IN. 

For rotation the total tire tread mass is assumed to move 
in response to moment, M« Thus, the moment of inertia « 
about its center of gravity is WIT = MR

2 = (84/386) (23 ) - 
115 LBF SEC2/IN. 

References 1 (page 22) and 10 (Figure 8) are used to obtain 
values for the torsional and translational spring rates 
as shown in Figure 37 . Under the application of the force 
FH , the peripheral movement at point b is about 20% of the 
peripheral movement at point a (Figure 37above). The ex- 
pression for the footprint spring rate from Reference 1 is: 

(4a.25) K%  * .td (P+4-PrO^So/d 

Where for the F-lll with a vertical tire load of 25,000 lb, 

i  = 46.65 in. • Tire diameter 
P = 150 psi = Tire operating pressure 
Pr • 150 psi " Tire rated pres3ure 
So - 2.75 in. - Operating (static) deflection 

Thus, 

(4a.26) Kx = U)(4t.65)(5005o)^2.7S/4(,.feS •««&*/&» 

The application of FH • 8150 lb, causes the footprint to 
move one inch. At point b, the movement is .2 inches. 
Assuming that the movement at point b is all due to rota- 
tion, the apparent torsional spring rate is: 

(4ae27) C*T =/4) HJH a   (Zi.uU**7XetSo)     s/ftfM#f/rtJ 
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Since .8 inches of the 1.0 inch footprint motion is due to 
tread C.G. fore and aft translation, the apparent spring 
rate is: 

(4a.28) CTr = F»   -   Biso   -   \o}ioo \\,/in 
.8 .8 

Rt) 

zAAAAA 

Rt) 

y\AAA 
n 

^VW\A s 

Figure 38 Tire Damping Models 

It is well publicized and generally accepted that the 
elastic and damping characteristics of tires and other 
structural devices are not accurately described by the 
mathematically convenient linear spring-viscous damper 
representation over a wide frequency range. The behavior 
of rubber-like materials is particularly different than 
that described by the conventional mcdel. To establish 
suitable mathematical descriptions of the various damping 
forces for tires and other elements of this study, several 
models were explored.  Figure 38 depicts the £wo types of 
elastic systems which are used. The Type 1 model is a 
conventional system with viscous damping and Type 2 is a 
visco-elastic system, having elasticity and damping which 
varies with frequency. To compare the two, consider the 
effects of driving each with a variable force F(t) = Fo 
c/rccot .  In each case, the resultant deflection is 

The loss coefficient, /3, is defined by ß = forty» . For a 
conventional system (Type 1 withe and k constant), the 
loss coefficient which is a measure of the damping is 
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given by: 

(4a. 29) (3  = cco/k 

Reference 1 assumes that c is of the form c = ^ k/oi where 
?l  and k are constant0 From this; 

(4a.30)/2> = ^ 

Reference 8 seems to indicate (p. 55) that the loss co- 
efficient for tire tread rubber is somewhere between the 
above two values. 

For the Type 2 system, shown in Figure 38,with c, n, and k 
constant, the loss coefficient is given by: 

<4a.31>/3 = (**)/(,, (V"JH)) 
To represent a tire, the values (c/k) • 1,56 x 10  sec. and 
(n/k) = 0.520, were used to compute values of /3 for a 
range of frequencies, ß versus to is shown in Figure 39 
for both Type 1 and Type 2 models, along with values of ß 
taken from References 1 and 8. The value from Reference 1 
is shown constant at all frequencies because the value is 
not identified with any frequency. The above values of 
(c/k) and (n/k) were chosen because they gave /S values in 
best agreement with authoritative data. 

Figure 39 shows both Type 1 and Type 2 models have rela- 
tively poor correlation with both data sources. Reference 
8 indicates ß  is highly dependent upon temperature and tire 
rubber compound as might be expected. During damping model 
exploration, both Type 1 and Type 2 systems were examined 
dynamically on an analog computer.  It was found that dif- 
ferences in their behavior were observable; however, since 
the damping forces are relatively small compared to the 
other forces, this difference was small. Either model is 
equally satisfactory for evaluating anti-skid operation. 
The Type 2 system is used for the tire because it is in 
closer agreement with recorded observations. The peak in 
the ß  versus frequency curve for the Type 2 system is in 
keeping with most of the contour plots for rubber-like 
materials as shown in Reference 7 and 8. 
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The tire elastic and damping coefficients are: 

(4a.32) | Drr -  (i.56*iö3)Crr = '3..9 »b S€c/in 
Err * C.5l)CTT - 530D lb/in 
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Figure 39 Model Loss Factors 

The equation (4a«16) for the rolling radius £r is a re- 
statement of equation (76 b) of Reference 1. To allow for 
circumferential decay length other than those equal to the 
outside free tire radius, a coefficient UCR is provided. 
For this study UCR is set equal to 1.0. 

Axle Parameters 

The observed torsional natural frequency of the axle (with 
brake stators) is 125 cps. The calculated value for 
its moment of inertia is 16.8 LBF SEC2/IN. Thus, the 
torsional spring rate,Ces > is established as: 

(4a.33)CR5= (2TT|25)
2(lci.20 = 10.4* lc0b inlb/rad 

For the steel axle, a value for 7 (in the Type 1 system in 
Figure 38)is probably something less than .01 (Reference 
7). Thus, at resonance, if ceo/k « *?, then the damping co- 
efficient is established as: 

(4a„34) DßS = k^/o^ -  CIO.4*IOW)(.OO/CJTTI2S) =• 132 lnll#ec/mJi 
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Tire Rolling Resistance 

From Figure 17a of Reference 2, the rolling resistance co- 
efficient, /v is given by pr • .012 + 1 x 10•^v where v is 
the axle speed in INCHES/SEC.     Thus, 

(4a.35) Tee=>,rFRRRr =  C.OI2+ nci55V)F„eT 

Or alternately,    =  (..012 * i * iJ?Gr RT )(F*R/S)(S ) RT 

Since FRKA • CMT , the rolling resistance coefficients are 
established as: 

(4a.36) DSR> - .oi2 CMr RT =  (.O»Z)(S53O)C2O.ST) = 235*0it 

-5 -S 
(4a.37) DVE -  J*iö G*»T Er  - (ss^oxio X20.S-7) = 4o.3 lts«c 

Figure 40 shows the friction coefficient for a tire slid- 
ing (i.e. full skid) on a dry concrete runway as a func- 
tion of velocity. This data is taken from Reference 3 and 
is applicable to a typical runway contaminated with rubber 
deposits from previous airplane operations. Table 8 
below lists the appropriate coefficients for equation 
(4a.22) which apply for dry and wet runway surface condi- 
tions. 

Table 8 Runway Friction Characteristics 

SYMBOL UNITS WET 
CONCRETE 

DRY    j 
CONCRETE 

Un .050 .200 
UT2 
ET SEC/IN 

.180  3 
.065 x 10"^ 
1.0 x 10'J 

.450  „3 
.065 x 10 , 
2.5 x 10 <* SEC/IN 

Initial Conditions 

All initial conditions, except wheel and tire rotational 
speed, will be set to zero.  From the airplane system at 
time = 0, VF = 2400 and S*, = 2.245. Using equation 
(4a.16) results in: 

(4a.38)   Rr =    FV - L
3 S„ '- 23.32 - ± (2.245) - ZZ>t*i m 

In order that Ve be zero, equations (4a.18) and (4a.19) 
show that: 
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Figure 40 Tire Sliding Friction Coefficient 
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(4a039) ero - e^0 = vF/eT - 24-00/22.&7 = 105,9 rad/sec 
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4b.   WHEEL AND TIRE SYSTEM (3 DEGREE) 

Figure 41 shows the components of the wheel and tire 
system.  The wheel and tire system 

() 

Lower 

Shock Strut 

Shock Strut 

Tread 

Wheel 

Stators 

Rotors 

Axle 

Brake 

XAX" Ay* 

Figure 41 Components of the Wheel and Tire System 

for the 3 degree airplane system is essentially the same as 
for the flywheel model.  The Airplane System still furn- 
ishes the tire deflection SM  and the tire vertical load 
FNf* .  The ground speed, however, is no longer furnished by 
the Airplane System, but is found by summing forces on the 
tire, wheel, brake, and axle mass.  The horizontal force 
exerted on the axle by the airplane is calculated by obtain 
ing the translational (AAX) and rotational (8&) gear 
positions from the Airplane System. 
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Shock Strut 

I 

—AAM* 

Xw 

©BM 

Ground 
Ref 

Figure 42 Tire Horizontal Model 

Referring to Figure 42 equation (4a.1) in the flywheel 
system changes to 

(4b.1) Fe  - C6(XA,-XW)  +Dt(W-Xj 

Equations   (4b.2)   through  (4b.9)   are  listed for com- 
pleteness,  although  they are  the  same as   (4a.2)   through 
(4a.9). 

(4b. 2) Frr = CrrlXTr ~XW) + E TT C X r r "' X y ) 

(4b. 3) DTTCXY - XH/) • = ETTCXTT-XV) 

(4b.4) W6w/ xw - FG + rTT 

(4b.5) WT£ Xrr   ~    ~Frr "  ^BT  *  '©en 

(4b.6)   Feen   -    RK.© Wr ^^w<6T) 

(4b. 7) f>KV    -   PKe WT
dct»^<0T> 
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Figure 43  shows the rotational, model of the wheel, tire, 
axle, and lowe*- strut with the gear rotation ©^ added. 
Including the effect of 0G there follows: 

(4b.*)TBr "- CßT(ew-er) + EBTiew-ey) 

(4b.9) DiZT(e/-eT) -- £.CT(ew-ey) 

(4b.io)Ts = Cft*(es-©J + D^s(0s-eG) 

Strut 

Tread 

Wheel + Rotors 

Axle + Stators 

Hr 

Pi- 

Figure 43 Tire Rotational Model 

Equations (4b.11) through (4b.16) are the same as (4a.11) 
through (4a . 16) . 

(4b. 11) Hr - Re- -%\ 

(4b.12) TRß = *>M (OSR + DVR W-) 

c 
5M (- Dsfc r DVÄ\vT) 

it  WT'-O 

i i"  Vl T ^ c 
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(4b.l3)WIöös   -TBT-Tc, 

(4b.l4)WTw©* Ä -TBT ~TBT 

(4b.l5)WIT6T -   HrF^r + T*T -TBB 

(4b.16) Rr =   Rer -| 5M- UBKCXTT-XW) 

Because the ground is now stationary equation (4a.17) 
becomes 

(4b. 17) VCs = Xrr 

The  remaining  equations  are unchanged except for noting 
that  the  outputs Xww and XWM required  for  the Airplane 
System ^are  obtained by  renaming XrT ,     Thus    XWM=    Xrr ^nd 
Aww - XTr      .     Continuing, 

(4b. 18)   Vfc - Vp>s -ßrWr 

(4b. 19) Wö  = Ww - Ws 

(4b.20) FuMP   -   FLMCI   "   Crtv CVSS/VMV/) 

(4b.21) F©T =    f\,WFr UT  t DHV V^ 
z 

(4b.22)Ur  = U.T, -*-(U-n.-ErVRs)e 
- c*Vc 

o 

-tin -(U.T2-ET\/BS ><S 
oti/% 

if    VR>O 

1 r    VR - o 
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B Parameter Evaluation 

The parameter values for this system are essentially the 
same as for the wheel and tire system that corresponds to 
the flywheel system. One difference is the values for 
Co, and Dö which are derived in the Airplane System (3 
degree). These values are 

(4b.23) Cfr  =    2öO,Oöö  Ik/in 

DO.  =    7<3.fc   lb s«c/m 

Since  this  system moves with  the airplane  the  initial con 
ditions  should match  the Airplane model.    Thus 

(40.24) 

(4b.25) 

X TTJ  -  240O    in/ ±ec 

Xvvo     =   o.o        \f\ 

From equation    (4b.16) 

(4b.26)   RT = Rer 'SS
M  =  23.32 -.80   -   22,S2 IN 

Thus  for a "spun Lip"   tire, we have  from equation  (18) 

(4b.27) Wr  - VR$/£r  -   2400/22,S2   -   IÖL.7  raMA^ 

Then 

(4b.2?) 6TO   - Bw0  -    \Oic.7 rad/$ec 

Also  from  equation  (10),   choose 0So 

(4b.29) Qso = ®GO  =   .0329   racl/sec 
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4c.  TIRE AND WHEEL SYSTEM (6 DEGREE) 

The wheel and tire system for the six degree problem is the 
same as that described in the three degree system except for 
inclusion of the lateral mode.  Equations (4c.1) through 
(4c.17) are the same as (4b.1) through (4b.17) in the three 
degree systenu 

A.  Mathematical Description 

(4c.1) Fa =Ce(XAX-Xw) + D*(XAX -Xw) 

(4c.2)    FTr =Cr7(XrT-Xw) +  ETrOCTr-Xy) 

(4c.3)    DrT<-'Xy-Xw)  =   Exr(XrT-Xy) 

(4c.4) wtwL = FG + rrr 

(4c.5)   WTEXTT- - Frr - FBr *- FORH 

(4c06)   F^CH = R^ WT u^<6T> 

(4c.7)   F^v = £fcÄ WT
2^<£T> 

(4c.8)  TeT = CRT-(öw"©T) +• EeT(ew-ey) 

(4c.9)  DPT(ey-er) - EßTOw-öy) 

(4c.io) Ts = c2S(as~Q6) + D<>s(es-öJ 

(4c.11)   Hr =  £ÖT -SM 

(4c.12)   Tce =       /   SM (Dse +-^vßWr)        i±    Wr>o 
Jo it    WT = o 

(4c.l3) WI5es  = TeT - Ts 

(4c. 14) WIvvew=  -Ter -T8r 

(4c.15) W1TeT --   HTFJr i-TtT -TBe 

(4c.16)   £T - R*r - | SM - ULeR> ( Xrr - XWJ 

(4c,17)   VRS = Xrr   = ^WM »Lso  XWM =  XTT 
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Equation (4b.18) which gives the relative velocity between 
the footprint and the ground is changed to account for the 
lateral footprint velocity yM • 

(4c. 18)    VR --{vJ^J 

Equations   (4b.19)  and  (4b.20)  are unchanged. 

(4c. 19)   V0= Ww-Ws 

(4c.20)    FMMP «   FMM ( I -  C„y ( VeS /VHV)
2
 ) 

Now VRX  is  the relative velocity in the x direction so 

(4c.21)      Vex =   Vzs "  RrVr 

Thus, the angle /2r which defines the friction force direc- 
tion as shown in figure 45 is given by 

(4c.22)     fir 3  ta^Ji yM/Ve*> 

Fwd«- 

\ i 
yM 

View looking down 

r 
I    VRX 

A 

f \ 

Ü 

v) 

r 

Footprint i ) 'm 
\-Tire 

T uiii" 

Figure 45 Footprint Friction Components 
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Thus, FST   is now given by 

(4c.23) FBT =  lw UT <**><>ßi> + DHY VKS 

and 

(4c.24)UT   =   j   UTI ^(UTZ -ETVSS) e 
-«Vt 

o 

Li    Vs> > r. 

The lateral friction force F^y   is  given by 

(4C.25)F;Y=   FNMFUT^</3r> 

The airplane produce '  a lateral  position  yAX  of the axle. 
If YM is  the lateral    ocation of the  footprint,  then a lat- 
eral force  F$r   i-s proa ced and 

(4c.26) FST = cST(y** -YM) +• DST(y^y-y,v,) 

Finally,   forces can be summed laterally on the  footprint to 
obtain 

(4c.27)    Wrs  yw=Fjr.Fffv 

B.      Parameter Evaluation 

Wheel and Tire System Parameters 

Most of the parameter values were derived in the wheel and 
tire system that was used with the  flywheel.    The only addi- 
tion is  the evaluation of CST   and  D$T. 

From reference  1 (p»15) 

(4c.28) K* =  rÄw(PK24PR)(i- .7(<S0/w)) 

Assuming  that $„   = 2.245  in.,  then 

(4c.29) CST-  (Z)(l8)(l.Z4)(l5C)(l- .7(2.245/13)) 

(4c.30)Csr^    (o4-(oO    lb/tn 

Using cur, = V </m     =V^4^°/-0725  = 298A 

Using 7f =  .1  (from page 50 of Ref.   1)  results  in 

(4c.31) Dyr =  ^Csr/uJn = C\)(<*4-'*o)/298A* 2.IU5 
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Initial Conditions 

The only difference between this and the three degree sys- 
tem is evaluating yMO and YM0 .  It should be that yMO = W°:> 
Since this system is used for both right and left sides, then 
yM0 will differ. Assume that this system is used as the 
right wheel and tire. Then, YMO = Y>XR as in equation 
(4c.56).  From this equation at Time = 0, (since R = P = 0), 
then 

' G.VJ (4c.32) yMC> = yAXK = v0^s 

Similarly 

(4c.33   Vwe  -   VAX R. =   X>   -   o.o   \n/s.ec 

=   O•  +• bO   -     („O    in 
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5.  WHEEL SPEED SENSOR 

The primary input parameter to an electronic antiskid 
control circuit is an airplane wheel speed signal.  For 
conventional control circuitry the input must be a direct 
current voltage.  The wheel speed sensor may have any one 
of several forms such as a D.O. tachometer or an A.C. 
tachometer with variable voltage or frequency converted 
to a direct current voltage by suitable electronic cir- 
cuitry.  The control circuit input signal, fr$ , is a 
function of the wheel's angular velocity relative to the 
axle (tachometer mount) and the characteristics of any 
associated electronic circuitry used for radio interference 
suppression and/or for conversion of A.C. frequency or 
voltage signals to O.C. voltage. To provide the means for 
mathematically describing the control circuit input signal 
^or a variety of wheel speed sensors, two approaches are 
taken.  The first. Identified as Option 1, is applicable 
whenever there is a perceptible phase lag between actual 
wheel speed and the antiskid circuit inpu as is generally 
the case where A.C. voltage signals are converted to D.C. 
or where a D.C. tachometer is driven through an clastic 
coupling.  * second simpler mathematical description, 
called Option 2, is provided to minimize computation 
difficulty and expense where no significant phase lag 
exists. 

A.  Mathematical Description 

Option 1 

Assume that a D,C,   tachometer generator is mounted on the 
axle and is driven by the wheel.  The output of the hypo- 
thetical generator is assumed to be applied to a linear 
force motor which acts upon c  single degree of freedom 
damped spring mass system as shown on Figure 47  The 
control circuit input signal, EQ    , is proportional to the 
mass displacement.  By adjusting the relative character- 
istics of the linear force motor, hypothetical generator, 
spring, mass and damper a mathematical description of a 
wide variety of wheel speed sensors can be accommodated. 
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Figure 47 wheel Speed Signal System 

The output of the hypothetical genera tor ,£*>i*, is proport- 
ional to the wheel's angular velocity relative to the axle, 
\A/6,  as de^ineH by equation (5.1). Angular velocity,Wß, 
is obtained as an  output of the tire and wheel system. 

(5.1) £*ws - Gws \AIB 

The   force  produced by   ehe  linear  force motor, F*ts,   is  pro- 
portional  to the  generator output,EMS,  as  defined by 
equation   (5.2). 

(5.2) FMS -• CWG   £w± 

The hypothetical mass displacement,X^S,   is obtained from 
equation (5.3) which results from summing forces on the 
hypothetical trass, WV>. 

(5.3) Arts -    wws        \/V#s ^A^SJ     JVW* 
F#*s tx^s)- j£ [im) 

The antiskid circuit wheel speed input voltage signal, £5 , 
is proportional f;o the hypothetical mass displacement, Xv*.f> 
as defined by equation (5.4). 

(5.4) £$ - CCG*   Kws + E sv 

In equation (5.4), £"**> is any extraneous "noise" which 
might be present due to the operation of other aircraft 

systems, etc. 

The equation flow diagram is shown on Figure 48. 
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Option 2 

For cases where the wheel speed transducer is a D.C.   tach- 
ometer, or equivalent, driven through a rigid coupling 
(such as the F-104 and F-lll) there is usually very small 
difference between the actual wheel speed and antiskid 
control circuit input (i.e., very low phase lag or atten- 
uation) and the extra mathematical complication incurred 
by using a very high gain second order equation is not 
justified. For these cases the antiskid control circuit 
input voltage may be considered proportional to the wheel's 
angular velocity as defined by equation (5.5). 

No equation flow diagram is shown for Option 2. 

B.   Parameter Evaluation 

Option 1 

The objective of using a single degree of freedom damped 
spring mass system to describe the antiskid control cir- 
cuit input is to provide a mathematical "tool" whereby 
phase lag within the wheel speed sensor device can be 
accounted for.  Consequently, the values for mass, spring 
rate and damping coefficient are chosen to produce the 
desired effect rather than to describe physical devices. 
The other coefficients are chosen to achieve compatibility 
with the control circuit.  For the F-lll modulated antiskid 
circuit let the hypothetical tachometer coefficient be the 
same as for the actual F-lll tachometer, 12 volts per thous- 
and RPM. Therefore: 

(5.6) <5ws - ~/0ooK.£7r  = *>M+7 mrs£c/4*0 
Let the force motor coefficient, the elastic system spring 
rate and output voltage coefficient all be equal to unity 
so that for steady state conditions the control circuit 
input, £<$ , is the tachometer output.  Therefore: 

(5.7) CW5 -   l-O  Ibtjifiitti 

Cc$v   - I. O   \ZOLT//A/C// 
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Based on information furnished by the Goodyear Aerospace 
Corp. the component characteristics and arrangement which 
is usually utilized for converting A.C. frequency to D.C. 
voltage produces about 30 degrees (or greater) phase lag 
at 5 cps.  The following equations from reference 12 
describe the single degree of freedom system's behavior 
when an oscillatory force XoK SJA/ Oft       is applied. 

(5.8) 
#/-<**#% w 

2. luM 
/ - ("My* 

In these equations   <p     is  the phase angle,p = D+/s/Ztf/*/sLU/x 
is  the damping  factor,  U)A « fCws/Wm      is  the undamped 
natural frequency, LU    is  the  frequency of applied oscil- 
latory loading,  and   X/Xo     is  the magnification factor. 
If the  degree of attenuation and phase angle are known at 
a  particular frequency,   the undamped natural frequency and 
damping factor are established.    Assuming  two percent 
attenuation and 30 degree  phase  lag at 5  cps,   the equations 
above give an undamped natural frequency of 14.6 cps 
(91.? Hm/S£<i)  and a  damping  factor of 0.746. 

For an undamped natural frequency of 91.8 MOjS£c and a 
spring rate,CWi ,   of 1.0 lktf///V    the mass, M**,   is  estab- 
lished as Ö,J/8SA/ö'stbts&y//J.    The damping coefficient, 
0#g ,   is established from the mass  and damping  factor as 

(5.9) DrtS-  O.lbZ3<f0''z Ibises//V 

Option  2 

For use with the F-lll modulated antiskid control circuit, 
use  the actual F-lll  tachometer output of 12 volts  D.C.   per 
1000 RPM.    Therefore: 

(5.10) 
r A2X6O 
b woe-  JoooTTn ' °>HVl  \farj*c-/**4 
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For use with the on-off antiskid circuit as installed on 
the F-104 (and B-58) the tachometer output is 20 volts per 
1000 RPM.  To make the on-off circuit compatible with the 
F-lll requires that the difference in tire size (46.5 inch 
dia. for F-lll versus 22 inch dia. for B-58) also be 
accounted for. Therefore, for the on-off antiskid circuit 
use: 

(5.11)   G"*c = L*w)ftz±X7£) z °-4 **rs**/*** 
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6a. MODULATED ANTISKID CONTROL CIRCUIT 

After introduction of on-off type antiskid systems, it 
became apparent from various analyses and studies of test 
results and operational performance that braking effec- 
tiveness could be increased if the number of antiskid cycles 
and their intensity could be minimized. To minimize anti- 
skid cycling occurrences and intensity, it is necessary to 
control the amount of brake torque being applied such that 
the available friction torque is not exceeded for as much 
of the time as is possible. A number of devices utilizing 
various principles of operation have been used for this 
purpose. These devices predominately utilize the principle 
of regulating or "modulating" brake pressure to keep its 
value as near as possible to that which will produce a skid. 
One of the first of these type devices is a hydraulic pres- 
sure modulator comprised of an orifice and accumulator 
installed upstream from the pilot's metering valve and 
configured such that repetitive antiskid cycling causes a 
temporary reduction in pilot's metered pressure. The 
Convair Model 880 airplane's Hytrol MKI antiskid system 
with hydraulic modulation is a typical example of this type 
installation. 

A subsequent development was the Bendix system which is 
used on Grumman A6A and Lockheed C141 aircraft. This 
system combines hydraulic modulation accomplished within the 
off-on type control valve with two levels of skid detection, 
(i.e., brake pressure reduction in two steps controlled by 
skid intensity). Further improvements have been achieved by 
utilizing a servo type pressure regulating valve with elec- 
tronic control to achieve a wide range of control charac- 
teristics and better accommodate widely varying runway 
friction conditions encountered during aircraft operation. 
The Goodyear Adaptive system used on General Dynamics F-lll 
aircraft and the Hytrol MK II system used on McDonnell- 
Douglas F4C and LTV A7A aircraft are examples of the servo 
valve type systems. Within each of the types or classes of 
systems there are a number of variations in circuitry and 
component arrangement depending upon the aircraft type, 
landing gear arrangement and configuration, and the airplane's 
mission requirements. For this program a mathematical model 
of the F-lll airplane's Goodyear Adaptive Antiskid Control 
Circuit is developed. Models for other type circuits can 
be developed using similar procedures. 
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Figure 49  is a block diagram showing the basic functional 
elements of the Goodyear adaptive antiskid control circuit 
as used on the F-lll airplane and showing the relationship 
of the control circuit to the other brake system components. 
During antiskid circuit operation, a wheel speed signal is 
provided as an input to a deceleration detector. Within the 
deceleration detector the wheel's deceleration rate is com- 
puted and compared to a threshold value provided by a skid 
detection threshold circuit element. The deceleration 
detector produces a skid signal proportional to the amount 
by which the wheel's deceleration rate exceeds the threshold 
value. The skid signal is applied to a valve control 
amplifier which in turn produces a valve control signal 
proportional to the input skid signal plus any pressure bias 
signal which might exist. The valve control signal is 
supplied to the antiskid control valve (a servo type pres- 
sure regulator) for brske pressure control and to a modu- 
lation circuit element. The modulation circuit element 
interprets the valve control signal and provides a pressure 
bias signal to the valve control amplifier and a threshold 
control signal to the skid detection threshold circuit 
element. The wheel speed signal is also supplied to the 
locked wheel prevention circuit elements consisting of an 
airplane speed reference and a wheel soeed comparison 
element. When the airplane speed reference indicates that 
the airplane's speed exceeds "locked wheel arming speed" 
(usually 20 mph) and simultaneously the wheel speed is less 
than that which should exist for a slightly lower airplane 
speed (usually 10 mph), the wheel speed comparison circuit 
element produces a skid signal sufficient to fully release 
the brake. Locked wheel arming speed is chosen as some 
reasonably low speed below which a locked wheel is not 
particularly detrimental. The locked wheel feature is 
deactivated below iocked wheel arming speed so that the 
airplane can be brought to a complete stop.  The aircraft 
circuit also incorporates circuit elements for failure 
detection, automatic cutoff and prevention of brake appli- 
cation prior to touchdown.  These logic type functions do 
net affect aircraft stopping performance and are not 
included in this analysis. 

A.  Modulated Antiskid Circuit Mathematical Description 

A simplified schematic diagram of the Goodyear adaptive 
antiskid circuit for one wheel as used on F-lll type 
aircraft is shown on Figure 50  .  This circuit accom- 
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plishes deceleration skid control as previously described 
in the control circuit functional description as follows. 
An input voltage, Eq , is provided by a wheel driven D. C. 
tachometer generator (GSN/). £$  charges Jie deceleration 
detector, capacitor,& , through resistance #$   and diode Oe 
during wheel spin-up. For normal wheel deceleration rates, 
jith no incipient skidding, the generator voltage will 
decrease relatively slowly and a small current will flow 
from the positive side of Ci   through R$  , the generator, 
R<,Rz,t    and transistor Qi   to the negative side of Ci . 
This current discharges capacitor Ci     and causes its 
voltage to closely follow^. Transistor Qi   is the skid 
detection *-hreshold circuit element. Qi is a current- 
limiting device that offers very low impedance to current 
below its chreshold value and extremely high impedance to 
any current above that threshold. The threshold is con- 
trolled by Rz  . Diodes Dz and Oj   provided bias voltage 
for the operation of <2i. When an incipient skid occurs, 
the generator voltage decreases rapidly and since Q\  limits 
Jae  discharge current into C\ , the voltage at the negative 
side of C\   decreases rnd causes current to flow through R$Af 

Rb, Qzj and R3  . The current into the base of Qz is 
amplified by£fe, (S3 , Qs, Qi*    and £7, (the valve control 
amplifier) to produce a voltage across Rv , the antiskid 
valve coil. Voltage applied to the antiskid valve causes 
brake pressure to be reduced proportionally and thereby 
alleviate the incipient skid. Antiskid valve voltage is 
feedback to the amplifier input through Rn  to stabilize 
amplifier gain against changes due to temperature and 
component characteristic variations. 

Antiskid valve voltage pulses are transmitted to the modu- 
lation circuit elements through capacitor C4. .    Within the 
modulation circuit element, consisting of c~4, R» , R'*, 
07, O » Cz ,0? and £><, each increase in voltage to the valve 
produces an increase in the charge on C3 . Voltage on C3 
causes $4 to charge £2 . Since Cz  discharges through R&e, 894, 
and Ri   , the voltage onC*. provides a threshold control 
signal to$.  The charge on Cj , and in turn on Cz  : is 
a function of the amplitude and frequency of valve voltage 
pulses. Voltage on Cz    is also applied to Qzthrough Reg 
and £4 to provide a pressure bias signal to the valve con- 
trol amplifier.  The operation of the modulation circuit 
element results in an automatic threshold change to the skid 
sensing circuit and a bias to the valve control amplifier 
to match the braking conditions being encountered. 
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The equations listed in Tables 13, 14, 15, 16, and 17 
describe the circuit's operation in accordance with the 
equation flow diagram shown on Figure 51 . The assumptions 
and procedures used to develop these equations are described 
in Appendix I. The circuit has twelve possible modes of 
operation depending upon the instantaneous conditions which 
exist. The conditions which define the circuit's mode of 
operation at a particular instant are: (1) the current, 
/Ic4, into capacitorC+ is either positive, negative or 
zero, (2) the valve control amplifier is operating either 
in the cutoff mode or in the amplification mode, and (3) 
the modulating circuit element is either providing a pressure 
bias signal or it is not. Table 18 lists the twelve cir- 
cuit modes resulting from combinations of the above circum- 
stances. The valve amplifier condition is indicated by 
current Ae$?_  being equal to or less than C607 in the cutoff 
mode and being greater than C607 in the amplification mode. 
The pressure bias signal is indicated as existing when 
voltage Ve   is greater than zero and as not existing when \f$ 
is equal to or less than zero. 

The circuit condition which exists at a particular instant 
is established by assuming a condition and using the equa- 
tions applicable to the assumed condition to test for the 
validity of the assumption. For instance, circuit condition 
number 1 assumes that current /U* is positive; therefore, 
equation 6a-N8-l from Table 16 must indicate a positive 
value of Ac±    for the assumption to be correct. If so, 
then the equations for Asqz  and Ve  are similarly tested. 
If the assumed condition is correct, the applicable equations 
are used to compute the various currents and voltages.  If 
the assumed condition is found to be incorrect, other 
conditions are successively assumed and tested until the 
correct condition is found. 

B. Parameter Evaluation 

Table 19 lists the parameters defining the modulated cir- 
cuit's operation. The values for the constants are computed 
from various circuit element characteristics (resistance, 
capacitance, etc.) as described in reference 13  and in the 
semiconductor component manufacturers catalogs. 
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Table 13  Modulated Antiskid Circuit Equation Summary 

Equation No. Equation 

(6a-Al) Vet-  4ci   C608 

(6a-2) VcirfVczti 

(6a-A2) Vc2r   /?CZ G&O? 

(6a-3) VcrfVaJt 
(6a-A3) U^3= /?C3   C6/o 

(6a-4) Vtf= y Vc4 Jt 

(6a-4A) VcV - fa CM 

(6a-5) fe-lt)*   F«-t&< 

(te-6) /?i^ -|<f£/7     ft* VF>Cü*M» BQCCM 

(6a-LW-l) /l/rfj ^. ^2   + /(Lwr 

(6a-N3) fia-(/fa -]/a &/9-4M+       F0£fk<t->O 

A - \fc? C&9 - /Ian        &* &% - o 
(6a-N4) £^ =   ftvsGwb±C&7 
(6a-N5-n) See Table  15 

(6a-N8-n) See Table  16 

(6a-N10) flB*A£*z &iz + [Ev-&-\k$}Cü3 

(6a-Nll) ^/r fog-fa -/?C4I 

(6a-N14) flcz =(/?f«4 t /?C4-|/c2#//"    ft* 4C4 ^ 4 

4^4 - /^z  ^W/ /=oÄ /?^4 ^O 
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Table    13    Modulated Antiskid Circuit Equation Summary 
(Contd) 

Equation No. Equation 

(6a-Q-lC) /fell -[C(cM-dbg iCx     R>& &=*•*£,) CO 

Ao f*sU*Ck*fe*> 
(6a-Q4) 4^44-     C&& ftsa4 

(6a-RlO) flM  - 
ft*. (fc-Vc,) > Ctei/&Aö 

O      FOIL tefVa) £ Gb*/fr*u 

(6a-VB-n) 

(6a-VQ4) 

See Table  14 

z, 
22. 
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Table 14 Pressure Bias Signal Condition Test Equations 

Circuit 
Condition,  n 

Pressure Bias Signal Test Equation 
(Equation 6a-VB-n) 

1 & 2 Ys = VCZCM - C#A* (Ee-)tt)-C4urQfo+lfa) J-O&j 

3 & 4 VS - /« On -CW UG -it,) - C460 (fa+fa) f C4-U 

5 & 6 V#= VcxCm -Cssa(Bs-Vef) +C&? 

7 & 8 \f$ * )/cx C»i -C&> (£<s- i/cf) tCsti 

9 & 10 ]/*-- )/cLC*-Csto(%-)fci\-Cmbh+\/c4i+Cs»+ 

11 & 12 ]/e = \/cz Cm -Cf*t(£*-\ki)-CS8t Mz **tx) + CS87 
 1 

Table 15 Summary of Equations for Computing 
Current ADS' 

Circuit 
Condition,  n 

Applicable Equation 6a-N5-n (See Note) 

1 & 2 floS -   rfv/ll  Ct>0(p ~ de* 

3 & 4 /Ios" - fl\/Ai CM C<OI -C<k>s -/?c+ 

5 6c 6 fiof^   ßv#t CiSot, 

7 6c 8 ft0S"=   ft*AI Ctot, C+04-   - C4-OS 

9 6c 10 ftcS - ft if fit CboL  ' de* 

11 6c 12 flüS •=  flvAI C&Ot> C*0<t- - CtöS- ' rfc+ 

Note:    For all circuit conditions  if /tDf<09  set flos'-O 
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Table 16   Capacitor C4 Current Mode Test Equations 

Circuit 
Condition,  n 

Applicable Equation (6a-N8-n) 

1 Ac* =   ' (£$ "fa) C476 - L\Zc'3+fc4.)C477 ~ C*0?? 

2 /?C4 -    Vet L4t* -(&-I/O) C<79 ' WestVtv) CM -&?Z 

3 flc± - -(£<t-fa)C<u>i - t\kf+¥e*)Cw> - £w 

4 Ac4- * Vcz Cm -(£$ -li',)C±7i - tVCi r\Za)Cw -Cw$ 

5-P +Aci * ' iS$ *tot)C*4i ~L)/c3 rl/a)C&7 r C*tf   /M0 

5-N -Ä-4-- t£*-\tic*& *(&+&) £*#-&** 

6-P +/k* = fe» ösa 't£$-lb)C£& -0/ct < \&4)C&7 -&* Am 

6-N - A* *-%$.&** *(GrMjCat +(%*&*)Cd®9 -&*? 

7-P rAc4 * 'l£*-Vdt)C*U-ll/c3 +\fa)Cft7 t d&f    MO 

7-N -Act-. [E*-*i)C#**l£2*lthfai-£fH 

8-P *" Ac4 = Ht Co* 'i£*'Vc,)CfH ~(l/cs+l/a)C&/ -&H-M* 

8-N " Act * -VczC&S- +l£k-6t)Cs+i* *(fc*+MC&9 -Cfcl 

9 $C4 = -{E*~\k,)Cs*f -l&zr1/U)Csrt tfao 

10 fte** Vc^fJL-(£k'^)Cn$^lL^C^f'^ 

11 fic4 = -l&-h)CfK -Lh+Vc*)C*tr + C*f7 

12 fa* VcA.Cf*-(&-&)Cto*-lfolQ&V*'ü*t 

163 

/•AW: 
•tf trtf .» .''/. "•      ." /      "/' 

.     v • . - .  •   ,   -."i . - ~ - «/OV - ; : 
v    •   •• V V V   <•.•     \S  •', 



Table  17     Valve Amplifier Operating Mode Test Equations 

Circuit 
Condition,n 

Applicable Equation (6a-Q2-n)   (See Note) 

1 AEGZ. = - i&s- Vet) C4S<. -(%s * Vc*)C4S7 -t C*fe 

2 fieaz - Vcz C^i - flft -IfcJ £*nr - (fa +iQc4t* + C<u>2 

3 /?&az = -(£<5-Vcl)C4U> -6htlfc)C447 + C44-8 

4 4feft£*  VcaC-jtib - (£<$-Vci)C<f4.9 -(fatfc)Gff/ +C4*& 

5 fie*z* - (£<s-l6t) €£?/ i-Cs'SZ 

6 feaz --   Vcz CSSB -(£e-&)CJfr -Csss 

7 ftZQl. = - (£<S - \fct)CfZL + CS2 7 

8 tfaaz. = Vcz Cszr- fee -l/c/jCJ'Jf ~C&o 

9 teal =-(£$-Vci)C&s-(V'cz+V'c4)c&t> +CJ17 

10 HEQZ. ^l/czC&r- (£s-)/ci)csZ<?'(l/ctfyci)CS7fi-Cs7/ 

11 flSQL = -(£<5'Vci) CS7S- -H4z tlfa) C*7& +CS77 

12 /?£QZ   * Vcz C&* - (EG - tit) CS79 - (tit*VC<)CSBQ ~ Cs9l 

Note:    For al 1 Circuit Conditions  if Aeat<o &r /?*QZ-o 
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Table 18  Modulated Antiskid Circuit Conditions 

Circuit 
Condition 

Capacitor C4 
Current Mode 
(See Note 1) 

Valve Amplifier 
Operating Mode 
(See Note 2) 

Pressure Bias 
Signal Condition 
(See Note 3) 

1 /?€* >0 flzQl ~ C&0 7 VB-O 

2 /lets O flesiz-C6o7 Ve >o 

3 /?c+>0 fltEQZ > C&Ö7 Ve^o 

4 /!c4>o fimz >C&>or? Vß>o 

5 flc4-0 AEQZ ±C&>o7 Vß-o 

6 /Ici^O fle&t. ^C&o7 Vs>o 

7 Hc4 -o /IZQZ.  > C6&7 Vs^o 

8 Ac+ = o rl^QZ >C&07 Vs>o 

9 /Ict^O flZQl   ^CGO7 Vs^o 

10 /Icl^O flSQZ £ C&07 \/S>ö 

11 /}c+<0 riBQZ. > Cbo7 Ve±o 

12 flci-^O flczai > C607 Ms > D 

Notes : 

1. Capacitor C4 : 
for Ac* =0       < 

LS charging for /fc4->Oi  static 
and discharging for flc4 < O. 

? The valve amp Lifier is amplifying for 
and is cutoff for AEQZ-C6>O7. 

3. A pressure bias  signal exists  for    v#>0 
and does not exist for   V's^-o. 
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6b.  ON-OFF ANTISKID CONTROL CIRCUIT 

Most aircraft on-off type antiskid systems operate accord- 
ing to the functional block diagram shown on Figure 52 
The various functional elements may be electrical, mechani- 
cal or a combination of electrical and mechanical devices. 
If during braking the brake torque applied to the V7heel 
exceeds the amount which can be reacted by friction at the 
tire-ground interface, the antiskid system operates to pre- 
vent tire skids as follows. A wheel speed signal is pro- 
vided to a deceleration detection element where the wheel's 
deceleration rate is computed and compared to a threshold 
value which is provided by a skid detection threshold ele- 
ment. The deceleration detector produces a skid signal 
whenever the wheel's deceleration rate exceeds the thres- 
hold value. The wheel speed signal is also supplied to a 
wheel speed reference element and a wheel speed comparison 
element.  The wheel speed reference element is a "memory" 
device which produces a "comparison index." The "compari- 
son index" is the wheel's initial unbraked speed minus an 
adjustment to account for the aircraft's deceleration. The 
wheel speed comparison element compares wheel speed to the 
"comparison index" and produces a skid signal whenever the 
wheel speed is less than the "comparison index." The 
deceleration detection element initiates a skid signal and 
the wheel speed comparison element maintains the skid 
signal until the wheel has regained most of its initial 
speed. The skid signals from both the deceleration detec- 
tion element and the wheel speed comparison element are 
transmitted to a valve control element which acts to con- 
trol the antiskid valve such that the brake is released 
when a skid signal exists and the brake is applied when a 
skid signal does not exist. 

An electrical system of the form shown on Figure 53 
or a mechanical device as shown on Figure 55  are the most 
common means used for implementing the on-off antiskid 
system function. 

*ti ectrical On -Of f Antiskid System 

Figure  53   is a schematic diagram of the Goodyear elec- 
trical on-off antiskid control circuit as used on the Lock- 
heed F104 and General Dynamics B-58 aircraft.  This circuit 
accomplishes on-off an.iskid control according to the pre- 
ceding functional description as follows:  The wheel speed 
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(A)    Schematic Diagram 

vvw— 

t/tel 
vie* 

Vs 

A8&Z 

"*, 

(B) Mathematical Identification Showing Transistors 
and Diodes in Terms of their Equivalent Circuits 

Figure 53 Electrical On-Off Antiskid Control Circuit 
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indication element, a wheel driven D. C. tachometer 
generator (GEN), supplies an input voltage EG which is 
proportional to wheel speed. EG charges capacitor Cl 
through R5, Diode Dl and Resistance RG during wheel spin- 
up. Capacitor Cl is both the deceleration detector and 
the wheel speed reference element. For normal wheel decel- 
eration rates, with no incipient skidding, the generator 
voltage decreases relatively slowly and a small current 
will flow from the positive side of Cl through R5 and 
through D2 and Rl, (GEN) and RG to the negative side of 
Cl. This current discharges Cl and causes its voltage to 
closely follow EG. The amplifier comprised of R2, Ql, R3, 
R4 and Q2 acts as the skid detection deceleration threshold 
element, the wheel speed comparison element, and, in con- 
junction with relay Kl, the valve control element. When 
an incipient skid occurs, the generator voltage decreases 
rapidly. R5 and Rl limit the discharge current flow into 
Cl so that the voltage at the positive side of Cl increases. 
The value of the voltage at the positive side of Cl is pro- 
portional to wheel deceleration rate. The amplifier charac- 
teristics are set so that when the voltage at the positive 
side of Cl is a value VSOT or greater, enough current flows 
into the base of Ql to cause Q2 to conduct sufficiently 
for relay Kl to actuate. When relay Kl actuates the supply 
voltage is applied to the antiskid valve coil LV. The 
voltage across the antiskid valve coil, EV, is equal to the 
supply voltage. Actuation of relay Kl also causes Rl to 
be disconnected from ground so that the resistance in the 
discharge path of Cl is increased to aid its action as a 
wheel speed reference. Voltage VSDT is the skid detection 
threshold. More modern versions of this circuit utilize 
transistors to perform the function of relay Kl; however, 
their operation is the same. Resistor R5 is the speed 
reference adjustment element. 
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A-1 Electrical On-Off Mathematical Description 

The mathematical description of the electrical circuit's 
operation is developed from Figure 53(b) which is the 
schematic from Figure 53(a) with the transistors and 
diodes shown in terms of their equivalent circuits and 
the appropriate currents and voltages identified. 

The voltage across capacitor Cl is defined by: 

(6b-l-l)     Vci=    Vci dt 

where (6b-l-Al)     Vci «   fic\ Cno5 (Cios--  l/c) 

Current AC1 is  established by summing currents at node 
@ as: 

(6Ö-1-N1) Aci = fiox * Am- - ADZ 

Using Ohm's law and summing voltages around the loop of 
which RDl is a part, current AD1 is established as: 

(6b-l-Rl)      flQ[__    E<3-&/-£*]/>&/ fö*.(Z<5-Vcr£0,)>Ö 

To combine constants,  write equation (6b-l-Rl)  as: 

Am -- {Be -Vci] Cm - CM   Pofi. (f^l/o) >~ 

C-707 
^o(. *0 F6*.1g*-Vci)^£ 

Noting that because of diode Dl, Prt>\  is restricted to 
positive values only. 

In a similar manner, using Ohm's law and summing voltages 
around the loop containing R.4, current #*<*- is established 
as: 

(6b-l-V2)      /k+„ (GQ-Vt^/U      0^   Am*(B<s-\/c<)C7os> 

Ml 
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Summing currents at node (Nz) gives : 

(6b-i-N2)    M = /?est+te, 

By Ohm's law the voltage across RD2 is 

(6b-l-V3)      \/oz° AozRoz. 

For the case where no skid signal exists and relay Kl is 
not actuated, Rl is connected to ground and a current 
ARl may flow. Using Ohm's law and by summing voltages 
around the loop Rl, D2, Cl and (GEN) /?«> is established 
as : 

(6b-l-V4)       ß&\  =   Vci-tq 'BQZ-VQZ/ R\ 

By substituting equation (N2) into equation (Nl)  current 
fia   is established as: 

(6b-l-Nl) ' /?c, = Aoi * /?*+ - /teai - #*\ 

Since the variables EG and VC1 are always used in the 
form of their difference, define the difference as: 

<6b-l-3)      (fej-l/c,) - EQ-Vc> 

By substituting  (6b-l-V3)   and  (6b-l-N2)   into  (6b-l-v4), 

(6v-l-V4) ' flRx =    (vc<~£<s -£**)    _   $m i dot _ 

By summing currents at node (jd),   current AEQl  is 

(6b-l-N3) ft^-_   ftm + fa 

By summing voltages around the loop containing R3 and tne 
base and emitter of Q2, 

(6b-l-V5) o •=  VK3 - Vßaz - Vx$z 
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Note:    For Q2 the base-emitted junction 
potential has been omitted to reduce 
mathematical complexity.    This is jus- 
tified because whether or not Q2 is 
conducting has negligible effect on 
current ficr. 

By substituting (6b-l-N3) along with the Ohm's law 
expressions   fieaz «= Vaeiz./£$az   W   Aeaz = \ZB<3Z//Z.SQZ, 
and the transistor characteristic /)&%z. = (hfisz tt)flediz. 
into (6b-l-V5)  and solving for f\8<si , 

(6b-l-V5) ' fl^ =     **5L Si 
£eaz f £3 *- &*i (fo*z +*) 

By substituting (6b-l-V5) ' and (6b-l-N3) into the Ohrafs 
law expression V#3 - rf*3 & 

(6b-i-2)    va -1.* *«*[i - -^tr^—^j 

By summing voltages around the loop R3,  REQ1,  EQ1,  RBQ1, 
R2,  RD2,  Cl and  (GEN) 

(6b-l-V6)    0= Vfä+ )/£&+£<*{ + \Zs*\+Vtx+£ßz+&Z-vet + £<$ 

By substituting (6b-l-2) and (6b-l-v4)    along with the 
Ohm's  law expres sions   V^ai - /?*a\ ZSQ> ,   Vöai - rffft fan a"d 
)/#2 - flSQi %L       

anc* tne transistor characteristic 
/7&a= (hf£tr/)#6Qi        into (6b-l-V6) and solving for flew : 

(6b-l-V6)' #mi = ( ifa~£s) Cm - {?*JL   #* 0/cr£s)>C^ 

= ° W/4-£)- 
C701 

For the case where relay Kl is actuated and Rl is dis- 
connected from ground the same substitution is made except 
that \/DZ = tf94i Roz.    is used in place of equation (6b-l-V4y. 
For the actual circuit components used on the aircraft, 
the resulting equation has coefficients that are negli- 
gibly different from (6b-l-V6) '; therefore, equation 
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(6b-l-V6)' will be used for both cases. 

The value of RBQ\   which causes relay Kl to be actuated 
is defined as, C700, the skid detection threshold current. 
From this definition and equation (6b-l-v4)f 

(6b-l-V4-l) 

=  O fas?   /)£QI>C70o 

When relay Kl is not actuated EV • 0,  when relay Kl is 
actuated EV • VS;  therefore» 

(6b-l-EV) 

The equation flow diagram for the. electrical on-off con- 
trol circuit is shown on Figure 54 . 

B-l Electrical On-Off Parameter Evaluation 

Table 20   lists the parameters and their values as 
applicable for the General Dynamics B-58 control circuit. 
(The same circuit is used on the Lockheed F-104.) 
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Mechanical On-Off Antiskid Device 

Figure 55   is a schematic drawing showing the operating 
principles of a commonly used mechanical on-off antiskid 
device of which the Hydroaire Hytrol Mk I and Dunlop 
Maxaret units are typical examples. The device operates as 
follows. The rotor (the wheel speed indication element) is 
connected to the aircraft wheel by some positive means such 
as a direct connection or gear train, etc., so that the 
rotorfs angular velocity is a constant ratio of aircraft 
wheel speed. During spinup the motion of the rotor ic 
transmitted through the clutch to the drum. The clutch is 
configured such that it is self-energizing fo.. rotation in 
the direction of wheel rotation associated with forward air- 
plane motion, shown here as counterclockwise. Stop (DS1) 
on the drum engages stop (FS1) on the flywheel, thereby 
transmitting torque to cause the velocity of the flywheel 
to be the same as the drum. The flywheel and the drum are 
connected by spring (CA)and damper (DA). As the aircraft 
wheel and rotor decelerate, a clockwise torque is trans- 
mitted through the clutch to the drum and from the drum 
through spring (CA) and damper (DA) to the flywheel. The 
amount of this torque is proportional to the product of the 
rotor's deceleration rate and the flywheel's inertia. The 
torque compresses spring (CA) so that the flywheel moves 
counterclockwise with respect to the drum. For steady 
airplane wheel deceleration the amount of relative motion 
between the flywheel and drum is proportional to the decel- 
eration rate. A suitable mechanism (usually a set of elec- 
trical contact points or a cam device) connected between 
the flywheel and drum causes a valve to be actuated so that 
brake pressure is relieved whenever a pre-established amount 
of relative motion occurs. The clutch is also configured 
so that when the torque from the rotor to the drum is 
clockwise, the torque capacity is limited to some slightly 
greater amount than that required to initiate brake release. 
If the rotor experiences greater deceleration than that 
required to initiate brake release, the clutch slips and 
allows the drum and flj'whael to overrun the rotor.  The 
flywheel's inertia reacted by the drag of the clutch main- 
tains a torque on spring (CA) so that the relative motion 
between the drum and flywheel (skid signal) is sustained 
until the flywheel's kinetic energy is dissipated or 
until the rotor has regained sufficient speed to eliminate 
clutch slippage. For this device the flywheel's inertia 
causing displacement of spring (CA) and damper (DA) is the 
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Figure 55 Mechanical On-Off Antiskid Device 
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deceleration detector element, the clutch's overrunning 
drag torque on the drum is the reference adjustment 
element, the clutch is the wheel speed comparison ele- 
ment and the rotational kinetic energy of the flywheel is 
the wheel speed reference element. 

A-2 Mechanical On-Off Mathematical Description 

The mathematical description of the mechanical on-off anti- 
skid device is developed by referring to figure 55 (k)      which 
defines the applicable parameters and shows flywheel stop 
(FS1) represented by a spring-damper system. Also, a 
spring-damper system is added between the rotor and clutch 
carrier to represent the small motion which actually occurs 
during clutch operation. 

At flywheel stop (FS1) there is a torque, TS, which is 
exerted on the flywheel by the drum, if drum stop (DS1) 
is in contact with FS1. If the mass of FS1 is considered 
small in comparison to the stop spring (CS) and stop dam- 
per (DS) then, setting the sum of torques on FSl at zero: 

(6b-2-l) Ts = Cs [y*-y)-DsY 

So 

Where Cs(yo-/)    is the stop spring torque, (- OsY)   is the 
stop damper torque and Yo  is the free length of spring CS. 

Since TS results irom a contact force, it cannot be less 
than zero; therefore, if Y±(.9o-&F)      is less than OPS 
then TS • 0. Rewriting equation (1) solving for ~f  gives: 

(6b-2-2)     f =   Cs CYo-y) -TsJ'Os 

Y is then established by: 

(6b-2-3)      Y*    I y dt 

8 

Y as computed from (6b-2-2) and  (6b-2-3)  is compared to 
&FS~(&O-9P) to establish TS.     If TS  is  other than zero,   it is 

computed from  (6b-2-l)  using      Y « &FS -(&O-9F) ANSI   y= -(&0.&p)m 
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Substituting the above expressions for Y  and Y  into 
(6b-2-l) gives: 

(6b-2-l-l) TS - Cs[/o-Gv* + (ep-<£r)] + Os (&o-&r) 

- o FOK iy+ L&D -G-F) -&FH < O 

Summing torques on the flywheel gives: 

(6b-2-4) eF ^ [TS +C*(&o-&)*0»(GD-<9e)] /We* 

Summing torques on the drum gives: 

(6b-2-5)    0o = ["Ts -G»fco-^)-P*(©D-ÖF)*7c]/Wo 

Where 7c is the clutch torque. 

Subtracting (6b-2-4) from (6b-2-5) results in: 

(6b-2-6) (£,.&.)» {^o-^^h'^ -^^O'OP)-D4^-SF]1 

+ Tc/Wo 
By integrating (6b-2-6)  twice, (SO-SF) 
and  (&D-GF) 

are established as 

(6b-2-7) (a0-op^ = JLSo-eJJk 

(6b-2-8) (9O-&F)   -  jte9-6ß)& 

Substituting values for teo-^ and 1&0-&P)   computed from 
(6b-2-7) and (6b-2-8) into equation (6b-2-4) and integrating 
once establishes ©F as follows: 

(6b-2-9) Sf.    */är<ftr 

Combining the results from (6b-2-7) and (6b-2-9)  establishes 
©D   as: 

(6b-2-10) ©o =  IGO-GF) + &F 
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The clutch will now be examined. 

The torque exerted on the clutch carrier by the rotor, Tc , 
is defined by: 

(6b-2-ll) Tc= Cc (e*-ec) + Dc(©Ä-ee) 

If, as for the flywheel stop, it is assumed that the clutch 
carrier inertia is negligibly small, the torque between the 
clutch and the drum equals the torque between the rotor 
and the clutch carrier. In this case equation (6b-2-ll) may 
be solved for (S»V^c)and by integrating once (0*.-&<~\ is 
obtained: 

(6b-2-12)     (e*-<9c)* f (&«.-&<,) dt 

Where (&&~€>c)  is obtained from the following version of 
(6b-2-ll) 

(6b-2-ll-l)   (Ä-Ä) * [Tc-Ccte*-Ä)]/ßc 

It follows that: 

(6b-2-13) 6C~&K- (6*.-6c) 

If the clutch is configured so that there is no slipping 
for counterclockwise torque on the drum, 0c must equal ©>o 
and any difference between &*.  and 6>o must be relative 
velocity between the clutch carrier and the rotor (i.e. 
e -öc). If So is substituted for ©c in equation (6b-2-ll) 
the ; the resulting equation can be used to compute the 
töi4 \e  required to force ©c to be equal to öo   . There- 
fore, making this substitution, 

!.r. 

(6b-2-ll-2) 7c - Cc(&K.-Oe)  + Oc(&K-Go} 

Equation (6b-2-ll-2) adequately describes the component 
of clutch torque due to relative velocity; however, the 
component due to relative displacement is not satisfactor- 
ily described because the torque direction is independent 
of relative position. To compute the clutch torque for 
all conditions, equation (6b-2-ll-2) will be modified and 
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a procedure for establishing the clutch condition will be 
defined. The clutch condition is established by the tor- 
que direction. The torque direction is determined by exam- 
ining the direction the drum is attempting to move relative 
to the clutch. The direction of the drum's attempted move- 
ment relative to the clutch is established by comparing the 
drum velocity, Go  $ to the velocity, &c* , of a hypothetical 
or "index" clutch. The "index" clutch will be permitted to 
have slight slippage on the drum for counterclockwise 
torque so that there is a preceivable circumstance to 
indicate torque direction. To describe the "index" clutch 
motion relative to the rotor, equation (6b-2-ll-l) is 
modified by substituting öcn and Gc»  for Bc and Oc  as 
follows: 

(6b-2-ll-lrl) (OR.- BCH) = [ lc - Cc (BR -OCH D, 

The clutch torque, Tc  , is defined by equation (6b-2-ll-3). 
(Q-fi-Bc«) is obtained from equation (6t-2-12) and Sen  is 
then established from equation (6b-2-13), noting that in 
each case Sen   and O'CH  are used in place of Oc  and &"c . 
The clutch condition is established by the difference 
between Oc*  and 0*0 as follows: 

For (&c\*-&i>) >Q 

For (ScH-e^) -O 

For (Oc*-60) <0 

Clutch torque is positive on the 
drum (clutch attempting to have 
positive velocity with respect 
to drum) 

Clutch is not attempting to 
move relative to drum 

Clutch torque is negative on 
the drum.  (Drum is attempting 
to have positive velocity with 
respect to clutch). 

Now that the clutch condition is defined, equation (6b-2-ll 
2) is modified so that the torque direction is established 
by the direction of relative velocity between the drum and 
the clutch as follows: 
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(6b-2-ll-3)     Tc - Gc<Gb«-So>\Ccl6*'®c«i V0C (Sd-Sp) 

/«< Gc<ec* -So^Cc ^-6fc*)|+ Dc {.Oft• Bo)\    ^Crs-o 

The function   <3c<©c*-öo> is defined as follows: 

(6D-2-14)     GC<<9CH-OO)   -   +/.0 Fofl   lGc»~@o)   >o 

The constant C750 is the value of clutch drag torque when 
the drum is overrunning the clutch. 

The amount of relative motion between the flywheel and drum 
(<90-#*=) 

is the s^id signal. To be compatible with the 
electrical antiskid control circuits, assume the skid 
signal is produced by a set of electrical contact points; 
therefore, 

(6b-2-15)        E„ = Ms      F„* (eo '&A  * C -7SI 
-  o   \~*R  (0-0 -&F)  ^ C7S/ 

C751 is the skid detection threshold value of (@o-@r) 
Also, for compatibility with the other parts of the 
analysis, let the input be derived from the wheel speed 
sensor output, EG, as follows: 

(6b-2-16) 6>*= Cvfz   Eq 

i 

C752 is the conversion coefficient. The equation flow 
diagram for the mechanical on-off antiskid device is 
shown on Figure 56 . 
B-2 Mechanical On-Off Parameter Evaluation 

No parameter evaluation has been accomplished for the 
mechanical on-off device because it is not applicable to 
the aircraft being considered. 
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7. ANTISKID CONTROL VALVE 

Aircraft antiskid control systems typically utilize a two- 
stage electrically operated pressure control valve. The 
first stage contains an electro-mechanical device such as 
a torque motor, solenoid or linear force motor which posi- 
tions a hydraulic flow regulating element (flapper, nozzle 
or spool) such that a control pressure is produced. The 
control pressure is a function of the valve input pressure 
and the electrical input signal. The first stage control 
pressure is applied to the second stage hydraulic flow 
controlling power spool. The second stage spool is posi- 
tioned by forces produced by the control pressure and valve 
output pressure in a manner such that output pressure is 
controlled in proportion to the first stage control pressure. 

A. Mathematical Description 

First Stage 

The function of the first stage can be described mathe- 
matically by considering the control pressure producing 
element to be a single degree of freedom damped spring 
mass system as shown in Figure 57 acted upon by a force, 
Fcv  , proportional to the electrical input signal. 

(7.1) £cv -  Cscv £\/ 

Fc-*- 

Csc 
—YVW\A— 

Tl 

y 

y 

<           i 

r 

Wsc 

U 
Osc 

^X/c 

Figure 57 First Stage Spring Mass System 
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The first stage control pressure, Psc   , is defined as a 
function of the mass position, Xsc , according to Figure 58 
Xsc is established by equation (7.2) which results from 
summing forces on the first stage mass, l/Vsc. 

(7.2) AiC   -    ,„y -    • - A 50   *  T77   X ry~ Wsc 

/.o 

O 
X SCM                                                                Xsc/c 

FIRST STAGE MASS PGS/T/GA// XSC 

Figure 58 First Stage Control Pressure - Mass Position 

Relationship 

<7-3)   Psc  - Use { PMV-PCW) + Pc* 

(7-4>        Rsc   =      /.O /F   KsctrAscm 

O lF      Xsc  ^ Xsc 4 

9? 
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Second Stage 

The physical arrangement of the F-lll antiskid valve second 
stage is shown schematically in Figure 59 . Most other 
antiskid valves have the same operating principles. 

M 

INLET   p 
CAVITY 

RETURN 

c 

Pcv* r CAVITY V)      rY 
J 

r 

POSITIONING 
SPRING 

s / 

J L 

> 

] 

pcv ^ OUTLET 
CAVITY 

Figure 59 Antiskid Valve Second Stage 

As described in the hydraulic system, the metering valve 
output pressure, nnv ,   is supplied to the antiskid control 
valve second stage inlet. When the second stage spool is 
displaced in a positive direction a fluid passage opens 
permitting hydraulic flow from the metering valve to the 
antiskid valve outlet cavity.  When the second stage spool 
is displaced in a negative direction a fluid passage opens 
permitting hydraulic flow from the outlet cavity to return. 
Therefore, the second stage spool position defines the 
hydraulic flow areas.  The second stage spool position, 
/cv , is established by equation (7.5) which results from 
summing forces on the spool mass, !/*£•.  Figure 60 shows a 
schematic of a single degree of freedom damped spring mass 
system representing the antiskid valve second stage spool. 
Springs yCc\/s  , and dampers, Octfs , are stops representing the 
spool's longitudinal restraint caused by its contact with 
the valve body.  The forces acting on the spool are the 
positioning spring force, damping force, stop spring and 
damper forces and forces due to outlet cavity pressure,^»/, 
and control chamber pressure ,/^jci/. 
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Figure 60 Second Stage Spool Forces 

Summing forces on the second stage spool give.: 

o.y> x« - (ft.,-*,) &£ *««,-*•) §& - g£&,) 
\A/C\/ W/cx,1 

(7-6)     pCV3./2    Ä 0 

(7.7)    »r l/J/f     r 
Cc? 

If   Acs— -Scvft. 

O IP   KcV -  ScuA 

tf 

*$bL'*"*s°ti-l&M «>**>*«* 
The  control  chamber pressure,   rSc\/ ,   is  established by  the 
first  stage  control  presure  causing  flow  through  the control 
orifice ,/fctfc,  and   the  control  chamber volume,   YS(,^ ,   as 
follows: 

(7.9) 

(7.10) 

Psc scv -- Ai ^ ulsc " Ac*/* X CV 

l/sc/ 

'94 
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The ^unction <£<^t y\    is defined in the hydraulic system. 

The hydraulic system contains provision for leakage flow 
associated with first stage pressure regulation and spool 
fit. Since these small flows have no effect on the valve's 
performance in the case under consideration, they have not 
been computed. Therefore, the following equations apply: 

(7.11) Qa// ~0 

(7.12) &CS/Z-D 

(7.13) QcV3 .   o 

The Control Valve Equation Flow Diagram is shown on Figure 61 
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B. Parameter Evaluation 

i^ 

The parameters used for describing the antiskid valve's 
first stage behavior are established from measured fre- 
quency response performance characteristics along with some 
features of its physical construction. Frequency response 
test results from the F-lll antiskid valve show 25 degrees 
phase lag at 5 cps. From various experiments it is known 
that the first stage accounts for most of the phase lag. 
The F-lll valve's approximate 700 cps undamped natural 
frequency is quite high compared to a more usual 100 cps 
value. Since antiskid operation is generally 10 cps or 
less and since the low frequencv phase lag can be accu- 
rately described with a lower natural frequency system, an 
undamped natural frequency of 100 cps will be used to mini- 
mize computation difficulty. 

Coefficients C*c\j  and Csc  are set arbitrarily so that static 
values of X$c  will be compatible with values of Xscnt and 
Xsc* (which are also arbitrarily chosen) and the proper 
valve voltage - output pressure relationship is achieved. 
In this example the following values are assigned: 

Csc*- /.Z  /bf/kb/t 
Csc    * /, Ö ibf-//#c* 

(7.14) XSCAJ - 3%  t/uc/tcs 
KscA.    -   S4-.4- /*/£»£s 

For 100 cps  (628 QM/sec )  undamped natural frequency and 
Csc^t.ojbf/w     »  tne mass   W>c   is computed from (0)*}*-= Csc/\A/Sc 

(7.15) Wsc =   2-f4 t)Omk/*fJ*cz/M 

Using the equations relating natural frequency and phase 
angle listed in the wheel speed sensor parameter evaluation 
and assuming the first stage has 20 degrees phase lag at 
5 cps, the damping factor is established as S. £ 3  . For 
the values of Wsc   and Csc   above this damping factor 
results in : 

(7.16) Dsc = Jl.Uiio3 lb(-s*c//A/c+ 

& 
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The area, Aa/f >   the  stop clearances, Set* and fesx  ,  and the 
mass  of the second stage spool, W<r*/,  are  computed from  the 
spool's physical dimensions as  shown on the valve drawing. 

ficfP -  O. Of'**/ * 

(7.17) Scm - o.oj ***** 

The positioning spring rate,£cv,  and spool damping co^rfi- 
cient were established based on the valve's  transient 
response characteristic where  it was observed that a 50 cps 
about  .5 critically damped transient pressure oscillation 
appeared.    From this observation 

Ccv * 4-0 /j>f//<* 

(7.18) Da/-»   /$*D M*'* fit S*e Jit* 

The stop spring, Ccvs ,  and damper, OcVs ,   characteristics 
are arbitrarily chosen to be as high as possible within 
computation capability. 

CcVS »    SOOO tkl/trt 

(7.19)        Ocvs -= /<& ifrse*//* 

The control orifice area,/?*V£ , and control chamber length, 
X<Vc , are established b; the valves physical dimensions as 
shown on the valve drawing. 

florc-*   O.009  'A/*- 

(7.20) Xc/^=    O.l     '«CM 

The control chamber fluid bulk modulus is that of M1L-H-5606 
hydraulic fluid as used in the hydraulic system. 

The undeflected positioning spring length was computed 
assuming it produced approximately the same force on the 
valve spool as 25 PSI pressure differential. 

(7.21) Xesp - o.z /A/CM 

Table 21 lists the parameter and their values which are 
applicable to the F-lll au%.  ^id control valve. 
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8. HORIZONTAL TAIL CONTROL 

In the 3 degree and 6 degree airplane models, the tail 
position can be controlled by two different means.  The 
first is simply to require that the horizontal tail rotation 
be fixed at some value SHT. The second is to fix the input 
commands SEST    and FPX  and then let the stability 
augmentation system adjust the tail setting SHT. 

A. Mathematical Description 

Figure 62 shows a control system representation of the 
stability augmentation system. 

Q n-B,0s »Baos
z 

i* 8„s +S3ls
2 

G^ 
»+B,3s I-»- 5i4S + 524sa 

>EST 

K,X^ 

R* 

system constraints 

& CA 

B.euS 'ISH 

>HT 

•'STK >Fp 
R EL 

Figure 62 Stability Augmentation System 

ä 
Using figure 62 as a guide, the following equations describe 
the stability augmentation system. 

(8.1) 5STk: = GFP FPX 

Where  F?x   
is  the  force exerted by the pilot  on  the stick. 

(8.2)   Rfe = GCASSTK 
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V 

Let U<j    and Uq$      be defined by 

(3.3) UQ   = h*°\fcicit 

(8.4) \lw~ fuQdt 

Also, let UR, and URRJ  be defined by 

(8.5) Utl =/R,dt 

(3.6) Um=fllmdt 

Then 

(8.7) R{= (UQQ + SIO^^B2O^-U^I-S,IUR,)/B„ 

(8.8) &«   R,- Rfc 

Let   UR2 , Ue5    , W-Rßs   , U-B4- ,  and U^R^.  be defined by 

(8.9) lW./£2dt 

(8.io) UR3=y^3dt 

(8.11) UBM s/uMdt 

(8.12) \±M^ fk+dt 

(8.13) UER4=/liB4dfc 

Then 

(8.14) R3=   (GpU«-Us3)/ß,s 

(8.15) £4 =    ( Uc*3 ~ Ußß4 - 8,4 lU V B24. 

(8.16) £y*    R* + SESr -SsrK 

Because of rate and position limits,   the equations 
that describe 5HT   in terms  of  R5    must be modified  to 
reflect these  limits.    Let SHTP    

De defined by 

(8.17)   SHTp = (R5-SHT)/B 16H 
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Then 

(8.18) SHri * (SKTPMX W S
HTP > ^MTPMX 

C  -SHTP^X ** S»TP   < - SHTONX 

(8.19) S„T * f YW\{O.O,SHT\\  ** SMr ^ SMTM*X 

SHTj ii SnTMtw < SHT * SHTMAX 

Finally  the stick position   Ffx   may be  positioned as 
a   function of time by specifying two times and two loads. 

ö i"*  Tpxz - '?x\ 
FPXJ i* T* Tpxi^TPX2 
FPX2 i*  TPXI^ TPXZ^ T 
pPXI + ( Fpx2 - Fpxi)(T-Tpxj)/CTp^2-TPXj) 

i* TPXI <• T <• T"pxz 

(8.20) Fpx * 

B.  Parameter Evaluation 

The values for the F-111A system parameters are listed 
in Table 22. In. using this system for a braking problem 
the usual procedure is to first choose a steadystate 
value for SHT^HTS>). Set SHTO - SH5* a Se$T and set 

F*p* = o ( Tpx i - I px^ = o ) , 
Set all other initial conditions to zero. 

>: 
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Figure  63 Horizontal Tail Control Equation Flow Diagram 
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9a.  RUNWAY SYSTEM (FLYWHEEL AND 3 DEGREE) 

This run-way system is essentially the same as the runway 
system for the 6 degree.  In fact, the relation between 
the two is given by Z<s,0<*> « Z&D<*>5o> and 
ZL«SDP<*) * ZSPP^%JO> .   Even though this system is like 
the 6 degree system, the equations are listed below which 
cake advantage of the fact that it takes less computer 
time to calculate ZÄD<oc> than "HGP<x;o> . 
The data describing the runway is in tabular form and 
consists ol runway elevation values as shown in table 24 
as described in discussion of the 6 degree runway system. 
The data is from the center strip from station 4574 to 
station 6574. 

A. Mathematical Description 

m 

Let HRC^O > L - U 2, -•• j looi   denote the elevations 
at two foot intervals. As an example, HRC(5) =• 3.io3(o 
If x.   is a distance measured down the runway where % 
is in inches, then z - zL^p'CO   and u> - Z.<ipp<'x> 
correspond to the elevation in inches and the slope in 
inches per inch.  The values for z and to are determined 
as outlined below.  The function Z&D   will have the pro- 
perty that 2&D<o> ~ o. 

Let XLRO he a constant such that O^XLRO^ 2.000. 
The input XLRF in feet is derived from % such 
that o ^ XL(?P <  2000      and for some integer k 

(9a. i) XLRP - XLRO + */\Z ~  2000 fc 

Let n be an integer such that £ T-I)£ XLRö
<
 <^> 

and define £GCO  by 

(9a.2)  £öCO^ KRCCn) -^(H^Cn + i) - HE,c(h))(XL(20-Zh + 2)/e 

>„n 
.0 -• 

m I 

If m is  an integer  such  that   2(m~ 1) ^ XLEtr < 2 rn 
then    2     and  UJ   are given by 

(9a.3) T, ^   i2(H^(m) + (H£Ccm+0-HEC(rTi))(XLEF-2m4z)/2 -Z 

(9a.4) uu =  (HPC(rvi>o - Hßct^))/2 

c&o 
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9b.  RUNWAY SYSTEM (6 DEGREE) 

The runway system is not actually a "system" in the same 
sense as the brake system, for example. The runway system 
is simply a function called by the airplane system to 
supply values for ground slope and elevation. The data 
describing the runway is in tabular form and consists of 
runway elevation values as shown in Table 24. Except for 
a slight modification, the data in Table 24 is taken from 
station 4574 to station 6574 of runway 25 from reference 11. 
The left elevations and right elevations are 10 ft. to the 
left and 10 ft. to the right of center respectively. The 
elevations have been modified slightly so that the eleva- 
tions at station 4574 match those as station 6574. This 
is done to provide an essentially "endless" runway by 
repeated use of a ba«ic 2000 ft. strip. 

A. Mathematical Description 

Let HRRU) , Hcc(0  , HB,LCI)0 I= i i ?_}  ...,1001  denote the 
elevations at two foot increments of the right, center, 
and left runway strips respectively. As an example, 
HELoO 

S
 9.550 and  Hcc(5) = 9.686,  If %  is a distance 

measured down the runway, and ^ is a distance measured 
out from the center of the runway where %   and ^ are in 
inches, then a = Z&D^%}^)  and u; = ZG.JP<X,M> 
correspond to the elevation in inches and the slope in 
inches per inch. The values for ?   and w   are determined 
as outlined below. The function H^wHl be chose.i in such 
a way that ZGD<O^> =0.0 inches. 

Let XURF and YL(zr  be the inputs in feet. Thus, 

(9c1) yLRF - 05/12 

Let/.LRObe a consta t such that 0 ^ XLRO  <    2000.    XLEP- 
is a number such that 0^ Xi_tF *   2000 and which also satis- 
fies  the following equation for some integer K. 

(9c.2)   XLCF  =  XLfe0 
+ V12 - 2000 K 
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Now let h be an integer such that 2(n -1) ^ XURO < 2h 
Define £seo D £&co, £&LO as follows: 

(9c.3) £&po = HeÄ(n) + ^(HeR<^^-HÄRCnO(Xutto-2n+2) 

(9c.4) ZÖCO = H^Cn>^^(HKCm»)*HK<n^(X1J20-2n + z) 

(9c.5)H&co * HEuch) + l(HEl_(m,>-HBLcnO(Xl,eo-^n + z) 

Now let m be an integer such that 2(vn-l) £ XLEF < 2m 
Define "2öeX; ZGCx ?  and 2ÄUX as follows: 

(9c,6) Z^ = Hße:rv,)+^(HßR^^l)-HßßCm))(XL.eF-2m+2) - 2ÄW 

(9c.7)2"6cx   -  Hec^)+UHftc(»W»)-H8ccm^CXLep-2fT04i)-i £CO 

(9c.8)^Ux s HBLcry») + ^(HBLw»o-Hj?LCm)MXLZP-2m+-i)-^6 bO 

If   y^F^o   ,   then 

(9c.10)  H  =    12 (ZÄCX ^CZ^x-^cxXyi-KP^io) 

(9c.11)  u.-   =   CyLeF/2o)(HREC^lt«)-HßßCno)-HßcCm+iHHßc(^')) 

If   YL^P ^ o    ,   then 

(9c.12)  2   ^   ia (2Gc:x+• Cz&cx"Z.(B.L^)(N/LeF'/'o) 

(9c.13)  Lo   -    ( yueF/2o)(H^cC^i+0-HßcC^-HRLCrv>H)+H|iLCm),! 

* 5 ( Here•*-') -HocCm)) 2. ^   HfcC 

f Sis 
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Table 24 Three Track Elevation Profiles 

( Stations and elevations are in feet ) 

ELEVATION 
STATION 

LEFT CENTER RIGHT 

4574 9.;,97 9.703 9.593 
4576 9.596 9.699 9.586 
4578 9.593 9.696 9.581 
4580 9.590 9.696 9.580 
4582 9.590 9.686 9.580 
4584 9.589 9.696 9.622 
4586 9.580 9.688 9.629 
4588 9.574 9.685 9.625 
4590 9.570 9.686 9.616 
4592 9.563 9.693 9.622 
4594 9.564 9.704 9.634 
4596 9.563 9.692 9.616 
4598 9.556 9.676 9.611 
4600 9.558 9.676 9.613 
4602 9.592 9.694 9.612 
4604 9.594 9.699 9.627 
4606 9.595 9.711 9.641 
4608 9.600 9.704 9.601 
4610 9.604 9.703 9.605 
4612 9.594 9.696 9.602 
4614 9.585 9.697 9.606 
4616 9.572 9.699 9.608 
4618 9.569 9.702 9.607 

kI 

I 212 

rjt'-V-'.NV*. 



Table 24  (Contd) 

Elevation 
Station 

Left Center Right 

4620 9.565 9.697 9.5)1 
4622 9.572 9.658 9.631 

462 4 9.578 9.677 9,5)4 
4626 9.533 9.687 9.589 
462 8 9.533 9.693 9.53) 
463f 9.593 9.681 9. 593 
4632 9.584 9.694 9.5)7 
4634 9.591 9.699 9,6)4 
4636 9.593 9.638 9.601 
4638 9.594 9.693 9.537 
464 3 9.5)3 9.691 9.610 
4642 9.588 9.691 9.5)3 
4644 9.596 9.687 9.539 
464 6 9.594 9.667 9.53) 
4648 9.533 9.668 9.569 
4651 9.568 9.6 73 9.557 
4652 9.573 9.669 9.569 
4S54 9.174 9.674 9.563 
4656 9.572 9.681 9.55* 
4653 9.565 9.665 9.567 
466C 9.573 9.6 64 9.564 
4662 9.573 9.6 59 9.561 
4664 9.579 9.6 74 9.554 
Alt! °. 574 C_ A/.Q Q. «.AO 

4668 9.572 9.6 77 9.555 
4670 9.577 9.677 9.554 
4672 9.57) 9.694 9.574 
4674 9.56 3 9.6 91 9.531 
4676 9.571 9.695 9.587 
4678 9.577 9.6 9? f .531 
4680 9.576 9.687 9.595 
4682 9.554 9.631 9.539 
«H 9.564 9.690 9.537 
*j ;6 9.5,5 9.6 92 9.536 
,68 9 9.569 9.687 9.59C 

469) 9.571 9.696 9.534 
469 2 9.578 9.6 35 9.537 
4694 9.578 9.692 9.59 7 
4696 9.577 9.6 93 9.5)2 
«1-10 9.565 9.7)3 9.6)6 
4701 9.573 9.6 94 9.511 
470 2- 9.567 9.696 9.60C 
470 4 0.567 9.7)5 9.533 
4706 9.571 9.7Q2 9.596 
470 8 9.57) 9.7 H 9.63? 
4710 9.568 9.696 9.59 9 
4712 9.566 9.6 94 9.5)5 
4714 9.562 9.6 95 9.53J 
4715 9.559 9.691 9.596 
4718 9.56) 9.698 9.531 
472-> 9.562 9.691 9.593 
4722 9.55V 9.6 39 9.533 
4724 9.565 9.693 9.592 
4726 9.555 3.697 9.5)2 
4728 9.576 9.690 9.596 
4730 9.59) 9.693 9.6)2 
4732 9-SR? <;.6 90 9*604 
4734 9.579 9.699 9.6)3 
4736 9.5.7 9 9.693 9.5 39 
4739 9.578 9.691 9.594 
474C 9.578 9.6 96 9.597 
474? 9.575 9.6 74 9.587 
4744 9.57) 9.6 76 9.575 
4746 9.«577 9.695 9.572 
474? 9.59) 3.695 9.57 J 
4750 9.597 9. 6 70 9.571 
47,2 9.58? 3.664 9.57) 
47 54 9.581 9.6 90 9.572 
4   56 9.59) 3.6 73 9.5K 
'75A ".572 9.6 74 3.571 

Station 
Elevation 

•    Left Center Right 

4763 9.557 9.667 9.567 
4762 9.550 9.668 9.564 
4764 9.56^ 9.668 9.561 
4766 9.565 9.676 9.568 
4769 9   567 . 9.676 9.567 
4770 9.563 9.554 9.564 
4772 9.561 9.660 9.557 
4774 9.563 9.673 9.561 
4776 •  9.565 9.676 9.561 
4778 9.564 9.677 9.567 
4781 5.560 9.678 9.574 
4782 9.557 9.678 9.575 
4734 9.5 52 9.683 9.574 
4786 9.554 9.686 9.580 
4788 9.571 9.682 9.536 
4791 9.572 9.7C3- 9.587 
4792 9.573 9.702 9.531 
4794 9.531 9.7G4 9.594 
4796 9.58? 9.7G3 9.597 
4798 9.576 9.7C2 9.588 
4311 9.5»7 9.697 9.590 
48C2 9.530 9.696 9.586 
4914 9.533 9.699 9.5.93 
/.no6 9. 5 30 9.701 9.588 
43 j 8 9.591 9.698 9.585 
4811 9.598 9.694 9.579 
4812 9.5 5S 9.697 9.581 
4314 9.531 9.698 9.593 
4816 9.578 9.700 9.583 
4919 9.579 9.693 9,579 
4B20 9.572 9.686 9.573 
«3 22. 9.534 9.679 _9.57_4 
«J8 24 9.599 9.6 76 9.574 
4926 9.589 9.680 9.568 
4923 9.590 9.586 9.571 
43 31 9.593 9.6T9 9.574 
4332 9.595 9.68V 9.581 
4834 9.596 9.693 9,5 85 
4836 9,595 . 9.595 9*594 
4839 9. 590 9.698 9.599 
*341. 9.5 31 L  .?.7*: . 9.60 3 
4342 9.588 9.710 9.598 
4844 9.586 9.704 9.596 
4846 9.590 9.591 9.597 
4949 9.591 9.689 9."596 
4 3 5.' 9.5 36 9.596 9.595 
43.52 9.579 9.694 9. 598 
4354 9.577 9.683 9.595 
4956 9,585 9.693 9. 595 
4359 9.5?6 9.696 9.593 
4361 9.538 9,694 9.587 
4952 9.591 9.690 9.535 
48 6.4 9.5 95 9.686 9.595 
43 66 9,5.35 '. 9.683. 9,602 
4968 9. 594 9.6 80. L 9.611 
437>1 9,539 _9»692 9.603 
4972 5. 59ft .9,685 9.630 
49 74 9.537 9,685 9.599 
4876 9.5 U 9.578 9.596 
4979 9.584 9.677 9.595 
4331 9.59) 9.573 9.594 
4982 9.595 9.685 9. 594 
4984 9.599 9.688 9.595 
4836 9. 630 9.693 9.594 
4339 9.6)2 9.69.9 9.596 
4391 9.6)2 9.704 9.599 
4392 9.595 9.703 9.593 
499*. 3.590" 9.719 9.5)7 
4996 9.595 9.715 9. 596 
4399 

,. 1 

9.596 9.715 9.533 

Station 
Elevation 

Left Center Right 

4900 9.590 9. 716 9.603 
4902 9.593 9.714 9.582 
4904 9. 593 9.717 9.585 
4906 9.598 9.714 9.581 
4908 9.591 9. 711 9.584 
4910 9.583 9.716 9.578 
4912 9.589 9.713 9.5 85 
4914 9.592 9.712 9.581 
4916 9.588 9.711 9.586 
4913 9.587 9.710 9. 592 
4920 9.589 9.705 9.585 
4922 9.586 9.696 9.578 
4924 9.588 9.685 9.576 
4926 9.589 9. 695 9.572 
4928 9.595 9.731 9.571 
4930 9.586 9. 702 9.573 
4932 9.590 9.711 9.571 
4934 9.594 9.707 9.568 
4936 9.590 9.699 9. 569 
4938 9.590 9.692 9.567 
4940 9.598 9.684 9. 566 
4942 9.583 9.687 9.573 
4944 9.581 9.688 9.566 
4946 9.582 9.682 9.562 
•»946 •?- 590 9.692 9.567 
495) 9.576 9.679 9.569 
4952 9.576 9.678 9.578 
4954 9.571 9.687 9.578 
4956 9.575 9.682 9.579 
4958 9,581 9.689 9.585 
4950 9.581 9.686 9.581 
4962 9.582 9.678 9.585 
4964 9.583 9.695 9.589 
4966 9.580 9.699 9.588 
4968 9.576 9.709 9.587 
4970 9.574 9.696 9.585 
4972 9.576 9.685 9.585 
4974 9.571 9.682 9.584 
4976 9.576 9.69C 9.579 
4978 9.576 9.685 9.58) 
4980 9.573 9.679 0   cat 

4982 9.583 9.678 9.588 
4984 9.579 9.691 9.592 
4986 9,585 9.698 9.591- 
4938 9.593 9.695 9.595 
4990 9.590 9.699 9.589 
4992 9.589 9. 689 9.591 
4994 9.593 9.&9S 9.592 
4996 9.597 9.704 9.597 
4998 9.593 9.709 9. 59C 
5300 9.633 9.732 9.594 
J002 9.602 9.715 9.602 
5004 9.603 9.703 0.610 
5306 9.607 9. 724 9. 609 
5108 9.615 9.728 9.51) 
5011 9.608 9. 730 9.613 
5112 9.639 9.721 9.614 
5014 9.60 7 9.710 9.611 
5116 9, 5<37 J. 703 9T6P4 

5018 9.537 9.711 9.599 
5)20 9.586 9.701 9. 592 
5022 9.587 9.691 9.583 
5024 9.588 9.6K2 9. 580 
5U26 9.531 9.666 9.577 
5029 9.582 9.671 9.575 
5330 9.581 9.672 9.576 
5032 9.592 9.679 9.578 
53*4 9.590 9.684 9.583 
50)6 9.589 9.692 9.585 
5138 9.583 9.691 9. 58 7 
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Table 24 (Contd) 

Elevation 

Left Center Rlgit 

5ft.. 1 9.581 9.689 9.587 
50 «2 •5.580 9.696 9.582 
594* 9.578 9.682 9.578 
50*6 9.585 9.633 9.575 
5048 9.572 9.680 9.570 
5050 9.571 9.683 9.569 
5052 9.575 9.6g4 9.563 
5054 9.579 9.686 9.575 
5056 9.580 9.6« 9.588 
5058 9.569 9.699 9.511 
5060 9.588 9.702 9.593 
50S2 9.532 9.696 9.591 
506* 9.577 9.686 9.59J 
5066 9.568 9.679 9.579 
5068 9.569 9.663 3.555 
5070 9.575 9.662 9.557 
5072 9.574 9.6*-5 9.54) 
5074 9.568 9.666 9.562 
5076 9.571 9.6 70 9.557 
5078 9.569 9.675 9.555 
5580 9.566 9.679 9.566 
5082 9.565 9.690 9.553 
508* 9.5S9 9.697 9.570 
5086 9.566 9.635 9.565 
5088 9.555 9.664 9.557 
9090 9.563 9.664 9.556 
5092 9.565 9.663 9.557 
509* 9.545 9.67* 9.553 
5396 9.564 5.672 9.566 
5095 9.582 9.678 9.5S9 
5100 9.565 9.69* 9.57* 
51*2 9.565 1.702 9.576 
51fr* 9.565 9.716 9.577 

•si*»* 9.573 9.704 °.581 
51C8 9.569 9.702 9.575 
5110 9.564 5.699 9.582 
5112 9.571 9.697 9.577 
511* 9.568 9.694 9.583 
5116 9.584 9.688 9.577 
5118 9.561 9.699 9-575 
512) 9.55» 9.6 76 9.56) 
5122 9.542 9.675 9.544 
512* 9.544 9.676 9.573 
5lZe «».»*«• V.6 II 9.571 
5128 9.537 9.672 9.567 
5130 9.536 9.657 9.565 
5132 9.547 9.667 9.567 
513* 9.5*9 •5.657 9.559 
5136 9.539 9.661 9.561 
5138 9.533 9.6 52 9.553 
51*C 9.542 9.651 5.5*9 
51*2 9.545 9.6 SI 9.557 
51** 9.548 9.664 9.555 
51*6 9,552 9.678 9.573 
51*8 9,555 9.672 9.57* 
5153 9.562 9.675 9.573 
5152 9.565 9.664 9. 5 70 
5154 9.565 9.674 9.573 
5156 «».578 9.6 98 9.535 
5158 9.590 9.705 9.590 
5160 9.599 9.715 9.6)1 
5162 9.589 9.716 9.61* 
5164 9.539 9,7 23 9.657 
5166 9.598 9.719 9.613 
5158 9.612 9,7 23 9.617 
51TP 9.631 9.735 9.613 
5172 9.599 5,7 30 9.623 
5174 9.592 9,7 38 9.527 
517* 9.592 9,732 9.633 
5178 9.593 9.73* <».S)* 

Slevation 
Station 

Left Center Right 

5180 9.586 9.735 9. 630 
.518? 9.577 9,745 ..9.633 
5184 9.5*7 9.745 9.638 
5186 9.632 9.755 9.643 
5188 9.599 9,756 9.6*0 
519) 9.591 9.750 9.637 
5192 9.595 9.757 9.6*1 

.519* JU6JJL _.9*756_ 9.650 
5196 9,597 9,753 9.652 
5199 9.595 9.745 9.639 
520? .9.595 9.7*1 9.533 
5202 J.5.91 9.747 9.635 
520* 9.6)1 .9,758 9.6*8 

.5206 ...S..610 -9^759. 9.655 
5238 ..9.623 9.767 9.659 
5213 .9.633 . 9,779 9.662 
5212 9.623 9.772 9.661 
5214 9.62* 9.765 9.659 
5216 9.623 9.768 9.660 
5219 9.6L9 J?t7J3 9t557 
5221 8.620 9.772 9.650 
5222 9.622 9.765 9.659 
522* 9.627 9.761 9.648 
5226 9.529 9.766 9.652 
5226 9.624 9.757 9,658 
5233 9.635 -.9,756 9.657 

5232 . 9,634 L.  V. «li 3.661 
523* .9.643 9.777 9,661 
5236. 9.637 9,765 9,662 
5238 9,625 9,777 9,659 
5245 9,627 9.775 9,563 
5242. 9,622 9,775 9.668. 
52** 9.618 9.779 9.675 
5246 9.6*3 9,780 9.684 
52*3 9.6*1 9.779 9.639 
5250 9.665 9. 780 9.695 
5252 9.653 9.771 9.697 
526* .2.655 9,783. 9,.T02 
5254 9,656 9.783 9,103 
525« 9.657 9.T9) 9,735 
526) 9.66? 9.793 9.714 
5262 9,665. 9.787 9,739 
526* •s663 9.78? 9.708 
5256 9.664 9.78* 9,703 
5268 9.664 9.786 9.692 
5273 9.650 9.787 9.675 
52.72 9,657 9.785 9.683 
5274 .  -9,655. .    9,782 9.681 
5216 .9,651 9.789 9.475 
5278 9,6*1 9. 780 9.667 

5283 9.633 .9.778 9.562 
5282 9.629 9.766 9.662 
529* 9.6»6 9*767 9,657 

5286 .9,621 .   9.J75 9.665 
5299 .9,535 . 9,775 9.657 

5290 _9.e39 9,773 9.667 
5292 9>6*3 9,775 9.666 
52<»* 9.655 9, 780 9,666 
5296 9.66* 9.793 9.659 
5298 9.652 9.801 9.6i7 
53>) 9.657 9.8CI 9.674 
5302 9.653 9.805 9.597 
530* 9.661 9.8C8 9.689 
53r6 9.657 9.856 9.685 
530.1 9.657 .9, 803.. 9.691 
53U 9.659 9.801 9.664 

5312 9.657, 9,859 9.699 

5)1* 9.653 9.808 9.701 
5316 9,655 . 9.807 9.7)0 
5313 9.660 9.8C5 9. 702 

1 

Elevation 
Station 

Left Center Right 

5320 9.65? 9.805 9.695 
5322 9.658 9.810 9.692 
5324 9.667 9.803 9.693 
532<< 9.668 9.799 9.692 
5326 9.676 9.797 9.689 
5330 9.675 9. 803 9.690 
5332 9.677 9.806 9.695 
533* 9.680 9.812 9.697 
5336 9.686 9.811 9.702 
5338 9.689 9.823 9.702 
5345 9.683 9.812 9.70* 
53*2 9.680 9.811 9.703 

534* 9.675 9.807 9. 7C5 
53*6 9.672 9.813 9.699 
5348 9.680 9.816 9.701 
5353 9.694 9.818 9.70* 
5352 9.699 9.810 9. 70* 
535* 9.705 9.813 9.7C6 
5356 9.710 9.811 9.708 
5358 9.714 9.817 9. 7P7 
5360 9.707 9.809 9.699 
5362 9.699 9.813 9. 7U0 
536* 9.697 9. 80* 9.70J 
5366 9.697 9.80 8 9. 7f 1 
5368 9.702 9.802 9.7U9 
5370 9.70 8 9.797 9. 706 
3372 9.7i3 "J.799 9.706 
537* 9.719 9.811 9. ?v3 
5376 9.731 9.822 9.711 
5378 9.737 9.835 9.715 
5380 9.74* 9.832 9.721 
5382 9.7*6 9.833 9.722 
538* 9.751 9.835 9.7 32 
5386 9.761 9.837 9.733 
5388 .    9. 76* 9.852 9.729 
53 90 9,768 9.850 9.733 
5392 9,769 9. 85* 9.735 
539* 9.773 9.865 9.736 
5396 9.780 9.862 9.731 
5398 9.781 9.865 9.739 
5430 9.777 9.871 9.737 
5*52 9.777 9.860 9.737 
540* 9.777 9.Ö70 9.7*3 
5406 9.783 9. «62 9. 7*2 
5*08 9.78) 9.858 9.7*5 
5410 9.782 9.86 8 9.757 
5*12 9.785 9.865 9.760 
5*1* 9.786 9. 86* 9.763 

5*16 9.783 9,871 9.763 
5*18 9.777 9.873 9.762 
5*20 9.775 9.877 9. 760 
5*22 9.780 9.833 9.766 
5*2* 9.787 9.880 9. 77J 
5*26 9.783 9.872 9.775 
5*28 9.785 9.869 9.777 
5*30 9.787 9.862 9.78* 
5432 9.790 9.857 9.786 
5*3* 9.797 9.875 9.793 
5*36 9. 796 9. 887 9.793 
5*38 9.795 9.883 9.792 
5**'.) 9.787 9.882 9.787 
5**2 9.786 9.887 9.785 
5*** 9.781 9.877 9.783 
5**6 9.777 9.87G 9.77* 
5**8 9.785 9.066 9.773 
5*50 9.791 9. 865 9.767 
5*52 9.78* 9.857 9.76* 
5*5* 9.7 70 9. 855 9.763 
5=»56 9.771 ).S66 9.767 
5*53 9.773 9. 3VO 9.T67 
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Table 24 (Contd) 

Elevation 
Station 

Left Center Right 

5*63 9.773 9.869 9.763 
5462 9.763 9.861 9.789 
5454 9.763 9.859 9.737 
5466 9.767 9.868 9.791 
5468 9.769 9.8 32 9.783 
5470 9.785 9.8 36 9.792 
5472 9.797 9.893 9.795 
5474 9.801 9.897 9.9)) 
5476 9.803 9.993 9.797 
5478 9.81* 9.896 9.7)5 
548* 9.813 9.915 9.799 
5432 9.811 9.929 9.803 
548* 9.812 9.927 9. 8C6 
5436 9.819 9.929 9.813 
5488 9.818 9.922 9. 8)7 
5*91 9.815 9.9 27 9.807 
5492 9.897 9.9 31 9.801 
5494 9.8*» 7 9.920 9.793 
5496 9.793 9.919 9.73? 
5498 9.792 9.90e 9.776 
550 3 9.795 9.90S 9.77* 
55P2 9.797 9.993 9.771 
55C4 9.891 9.9 35 9.775 
55T6 9.797 9.914 9.779 
'J5r8 9.799 9.995 9.73V 
551C 9.799 9.9C6 9.788 
5512 9.332 9.932 9.735 
5514 9.8"i 9.904 9.78* 
5516 9.331 9.903 9.795 
5518 9.803 9. 9 32 9.790 
5523 9.893 9.994 9.795 
5522 9.802 9.892 9.8)0 
5524 9.8L*l 9.990 9.803 
5526 9.896 9.994 9.3H 
5528 9.819 

9.797 
9.797 

9.8 39 9.80 7 
5530 9.8?7" 9.316 
5532 9.904 9.82* 
5534 9.799 9.913 9.327 
5536 9.814 9.909 9.826 
5538 9.838 9.929 9.827 
5549 9.817 9.9 33 9.827 
5542 9.8?5 9. ; 37 9.329 
mm» * M          rt   •»    •» A       *-. 1-» •J s~wv » •   Ok   d» 

5546 9.823 9.927 9.3)5 
5548 9.828 9.9 38 9.839 
5550 9.826 9.9 27 9.3V) 
5552 9.821 9.9 30 9.8*3 
5554 9.82? 9.933 9.3*7 
5556 9.821 9.9 22 9. 850 
5558 9.82? 9.939 9.35V 
5560 9.829 9.950 9.86) 
55*2 9.833 9.9*7 9.855 
5564 9. 8*7 9.956 9.858 
5556 9.85» 9.9*7 9.862 
5568 9.8*9 9.9*7 9.861 
5573 9.8*5 9.9 61 9.363 
5572 9.836 9.9*8 9.866 
5574 9.8*1 9.963 9.371 
5576 9.8*1 9.962 9.*78 
5578 9.8*3 9.963 9.877 
5589 9.8*5 9.961 9.579 
5582 9.8*9 9.970 9.875 
5584 9.819 9.953 9.37V 
5596 9.8*1 9.954 9. 162 
55*8 9.8*3 9.9 5* 9.861 
5590 9.835 9.9*3 9.361 
5592 9.8)5 9.934 9.362 
559* 9.33* 9.9)3 9.862 
5596 9.83) 9.911 9.365 

9.86)  J 
J 

5598 9.8 3) 9.916 

_ 
Elevation 

Station 
Left Oenter Right 

56)) 9,838 9.917 9.862 
5632. 9.8)7 9.926 9,361 

560* 9.831 9.921 9. 862 
5636 .9.831 9.931 9.366 
56C.9 _9.836 9.937 9. 576 
551) •»»328. 9.936 9.875 
5612. 9.827 9.926 9.87* 

J51* _9.82* 9.939. 9.876 
5616 9.82 8 9.9V6 9.379 
5613 .9.829 9.953 9.876 
.562) 9.837 9.952 9.357 
5622 9.3*1 9.956 9.88* 
562* 9.8*6 9.953 9.931 
5_626. 9,8*6 9.961 9.879 
5628 .   9.8*6 9.973. 9.98* 
56 30. 9.8*3 9.972 9.887 
5532 .9,8*9 9.978 9.893 
56 3*. _9.850 9.977 9.896 
5535 9,859 9.979 9.906 
5633. .J9.860 9. ?86 9.909 
56*3 _9.86* 9.993 9.916 
56*2 9.867 9.999 9.925 
56** 9.862 10.906 9.927 
56*6 9.857 10.308 9.929 
56*8 .9.862 19.011 9.936 
56 50 ?»873. 13.317 9.9*5 
56.52 9.883 10.021 9,951 
565* 9.897 10.323 9,952 
5656 9,897 .10.0*1 .9.955 
5558 9.9)3 13.3V3 9,956 
5661 9.9C7 J0.039 9.956 
5662. J .9,913 13,339 _9,95*_ 
.566* 9.916 10*0*6 9.9*9 
5666 9.91* 10.939 9.9*5 
5668 9. 911 10.033 9.9*2 
5673 9.913 13.333 9.939 
5672 9.916 10.020 9.932 
5 5.7 V. _9,?1* »0.328 9,926 
5676 .9.926 JO. 037. 9,929 
5578 9.929 13.)** 9.937 
5o30 , 5.926 »0.0*9 9.9*4 
5532. 9.923 .13, '.»57 9..9 50 
HA/ **      *% •» * • «.    mt * 

«u, y»t •»•   t*+ > 

5686 9.933 13.3*2 9.9*9 
5688 9,930 10.052 9.951 
569) 9.929 13.35* 9.95* 
5o.92 9.9)6 10 355 '».952. 
569* .9,9*7 10.053 9,9*9 
5696 ..9.9V* 10.3*'* 9,?*2 
5698 9,9)9 10.028 9.937 
57)3 9,9)9 10,332 9,929 
5702 9.91* 10.029 9.929 
573* .9.917 13.32* 9.925 
5706 '_ 9.913 10.030 9,932 
5 7.38 .9,921 13.336 .. 9.936 
5710 9.9£9 I0,0*0. 9,9*3 
5712 9.9)1 11»)** .9.9*7 
571* 9.929 10.0** 9.9*9 
5716.. 9..) 35 13.152 JU9U 
5718 9.933 10.055 9.95* 
572) 9.93* 10.156 9.953 
5722 9.9)9 10.3V8 ).)V2 
572* 9.9)8 10.350 9.9*9 
5726 9.9V0 10.05* 9.957 
5729 - 9.9*5 10.0*9 9.956 
573) 9.9V9 13.)5* 9.955 
57)2 9. 9 5p 10.053 9.956 
5 7)V 9.95) 13.3*3 9.9V9 
57)6 9.959 10.0*1 9.9V) 
57)9 9.956 13.3V) 9.939 

.- . 
Elevation 

Station 
Left Center Right 

57*0 9.<»6V 19.058 9.9** 
57*2 9.967 10.052 9.943 
57** 9.96* 10.056 9.9V6 
57*6 9.962 13.0*9 9.9*6 
57*9 9.970 13.056 9.959 
5750 9.972 10.06* 9.966 
5752 9.972 13.089 9.97* 
575* 9.967 10.088 9.977 
5756 9.966 13.092 9.981 
5759 9.97* 13.091 9.983 
5760 9.982 13.098 9.985 
5762 9.980 10.101 9.982 
576* 9.976 13.097 9.985 
5766 9.975 10.098 9.983 
5763 9.979 10.100 9.976 
5770 9.978 10.087 9.975 
5772 9.967 10.09* 9.976 
577* 9.973 13.387 9.975 
5776 9.970 10.092 9.97V 
5778 9.967 13.097 9.975 
5780 9.963 10.095 9.976 
5782 9,963 13.089 9.979 
578* 9.957 10.08* 9.976 
5786 9.9*3 13.377 9.977 
5788 9.93* 10.067 9.979 
5790 9.930 13.067 9.983 
5792 9.927 10.06* 9.982 
579* 9.91* 19.062 9.980 
5 796 9.915 10.066 9.978 
5793 9.912 10.07* 9.975 
5800 9.910 13.071 9.975 
5802 9.9,3 10.073 9.98* 
583* .9.925 13.391 9.987 
5806 9.927 10.088 9.99V 
5903 9.933 13.105 10.0CI 
5810 9.9*2 10. 131 10.002 
5812 9.9*7 13.125 9.99* 
591* 9.963 10. 123 9.991 
5316 9.¥65 13.108 9.98V 
5818 9.973 13.113 9.987 
5820 9.97) 13.13* 9.986 
5822 9.975 10. 101 9.985 
5a*v 9.973 13.395 9.986 
53?o 9.967 10.091 9.987 
5828 9.963 13.095 9.999 
5830 9.96i 10.105 10.00* 
5832 9.963 13.137 13.311 
583* 9.960 10.118 10.015 
5836 9.959 13.121 10.01* 
5838 9.963 13.115 10.313 
58*3 9.960 10.111 10.017 
58*2 9.967 13.105 10.315 
58** 9.963 10.103 10.009 
58*6 9.957 13.115 10.30V 
58*8 9.96* 10.112 10.10 i 
5850 9  977 10.103 9.995 
5852 .985 10.115 9.995 
585* 9.990 10.111 9.99) 
5856 9.991 10.105 9.993 
5853 9.993 13.105 9.99V 
5860 9.987 10.100 10.003 
5862 9.933 D.395 10.103 
586* 9.983 10.091 9.999 
5866 9.971 10.G88 9.992 
5868 9.962 10.032 9.983 
5870 9.957 1J.081 9. 985 
5872 9.952 10.088 9.979 
587V 9.950 13.073 3.976 
5 i.'6 9.-?V? t*>.C6* j :.JT, 
5573 i.9V7 10.Til „M| 
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Table 24 (Contd) 

.-> 

Elevation 
Station 

Left Center Right 

5680 9.945 13.055 9.957 
5882 9.943 10.041 9.954 
5884 9.94 7 13.025 9.947 
5886 9.943 13.026 9.946 
5889 9.945 13.0 28 9.952 
589C 9.952 13.021 9.95 7 
589? 9.957 13.038 9.967 
5894 9.961 10.C53 «. 98H 
5996 9.963 13."65 9.994 
5898 9.971 10."71 13.000 
590 r 9.979 n.075 10.336 
5902 9.999 13.072 13.3)8 
59( 4 IC.O02 10.091 10.009 
59( 6 10.CA8 13.089 13.337 
5908 1C.C17 10.102 10.003 
5913 13.032 13.112 9.997 
5912 10.02 7 10.114 10.032 
591« n.039 10.117 10.3)4 
5916 l('.038 13.116 13.1)8 
5018 10.C40 10.118 10.010 
5920 10.041 13.119 13.3)5 
5922 10.038 10.109 10.001 
592* 10.C30 13.123 13.3)2 
5926 10.013 10.113 9. 998 
5929 9.994 13.105 10.03* 
59 3«" 9.983 10.ill 13.034 
5932 9.950 13.110 10.034 
5934 9.997 18..© 98 10."«13 
5936 9.937 K.134 9.997 
5938 9.993 13.098 9.93) 
594* 9.982 13.( 93 9.991 
5942 3.983 13.091 9.935 
5944 9.983 10.099 9.930 

5945 9.976 13.098 9.975 
5948 9.982 10.092 9.980 
5953 9.993 13.091 9.984 
5952 10.033 13.095 9.987 
5954 13.338 10.131 9.992 
5956 10.0">9 13.125 9.997 
5958 13.910 10.123 13.010 
596" 10.033 10.135 13.337 
5962 13.000 13.138 10.OO2 

5964 'y.995 13.128 9.997 
5966 9.994 10.115 9.988 
5959 9.999 13.103 9.934 
5970 9.987 10.100 9.977 
5972 9.997 13.0 94 9,774 
59 74 9.984 13.r97 9.959 
5976 9.997 13.099 9,959 
5978 9.991 13.095 9.954 
5980 9.99 3 lC.f 98 9.95r 

5982 9.992 13.095 9.95) 
5984 9.997 10.090 9,94 7 
5986 9.995 13.092 9.955 
5988 9.99/ 10.09-V 9,957 
5990 9.99* 10.003 9.963 
5992 9.983 10.383 9.957 
5994 9.976 10.0 38 9.966 
5996 9.976 13.098 9.954 
5998 9.975 10.C86 9.965 
600 0 9.977 13.0 75 9.9V« 
63C2 9.960 10.C71 9.959 

60"» 4 9.953 13.373 9.959 
60^6 9.945 13.0 73 9.965 
6K'8 9.95) 13.071 9.968 
6nin 9.956 10,068 9.977 
6C12 9.955 13.0 77 9.991 
6014 9.963 13.0 79 9.914 
60 16 9.967 10.OP3 9. 997 
6^18 9.0->6 I 9 .0 M 9.996 

Elevation 
Station 

Left Center Bight 

63 23 9.962 10.082 9.979 
6022 9.95.4 .10.083 9.975 
6)24 9.9 5'3 10.386 9.972 
6026 9.953 10.383 9.975 
6)28 9.957 10.076 9.971 
63 33 9.960 IC.385 9.973 
&; 32 9.963 10.096 9.972 
5334 9.969 10.392 9,359 
60 36 9.973 10.096 9.964 
6339 9.97) 13.393 9.960 
6040 9.973 10.089 9.959 
5342 9.973 ID.'<89 9.958 
6044 9.976 10.087 9.955 
63 46. 9.9.73 10.OBR 9.955 
6048 9.973 10.384 9.951 
6)53 9.972 10.084 9.946 
6352 9.933 10.373 9.946 
60 54. 9.9 31 10.082 9.946 
6)56 9.992 13.D89 9.951 
60 58 9.938 10.093 9.949 
6363 9.99) 10.392 9.954 
6C62 9. 990 10.393 9.952 
6364 9.979 10.091 9.942 
6366 9.970 10.39) 9.943 
606 9 9.970 10.082 9.942 
6373 9.973 10.375 9.955 
6072 9.976 10.083 9.963 
6374 9.977 10.386 9.968 
6076 9.993 10. '»88 9.973 
63 73 9.993 13.188 9.981 
608 3 9.990 10.103 9.993 
6382 9.913 10.1U8 9.986 
6004 9.937 10.396 9.995 
6086 5.990 10.089 9.996 
6389 9.993 13.392 9.998 

6093 9.993 10.083 9.996 
5)92 9.977 10.396 9.996 
6'" 94 9.9 76 IC.089 9.991 
6)96 9.954 13.192 9.982 
6C98 9.965 10.083 9.983 
6131 9.963 13.395 9.986 
6102 9.956 10.076 9.969 
6104 9.941 10.081 9.998 
6106 9.957 10.379 9.996 
6139 9.955 10.076 9.987 
611 1 9.952 10.374 9.938 
6112 9.946 10.072 9.985 
6114 9.944 10.377 9.932 
6116 9.943 10.075 9.975 
6113 9.9 41 13.371 9.977 

6120 9.941 10.079 9.975 
612? 9.938 10.063 9.963 
6124 9.9)8 10.373 9.959 

6126 9.9)5 10.074 9.968 
612 8 9.940 10.373 9.972 

613'' 9.936 10.072 9.977 

6132 9.9)3 13.376 9.974 
6134 9.937 10. n59 9.970 
6136 9.943 13.377 9.959 
6133 9. 940 10.070 j     9.967 

6143 9.934 10.061 9.970 
6142 9.9)5 10.373 9.971 
6144 9.937 10."66 9.9 72 
6146 9.933 10.357 9.977 
6149 9.936 10."66 9.981 
615) 9.93? 13.374 9.987 
tl?2 9.930 10.069 9.996 
6154 9.9))" 13."'66 10.334 
6156 9.9)? l".)62 13.3)5 
6159 9.0)6 10 .^ 71 

Elevation 
Station 

Left Center •Ught 

6160 9.937 10.C79 1P.011 
6.152 9.937 13.086 10.012 
6164 9.938 10.078 10,015 
6166 9.940 1C.396 13.*16 
6163 9.940 13.093 10.314 
61T0 9.938 13.096 10. r.09 

6172 9.943 10.076 9.99 9 
6174 9.945 10.085 10.U06 
6176 9.942 13.0 80 13..i05 
6178 9.939 10.C79 lcniz 
6180 9.942 13.3 7Ü 10.002 
6182 9.938 10.0 62 9.999 
6134 9.942 13.059 9.995 
6196 9.955 10.063 9.995 
6188 9.946 13.057 9.986 
6190 9.943 10.065 9.9B5 
6192 9.934 K..062 9. 973 
6194 9.936 13.049 9.962 
6196 9.93C 13.048 9.955 
6198 9.929 13.059 9.954 
6203 9.92 7 10.049 9.954 
6202 9.929 13.081 9.955 
6204 9.922 10.075 9.949 
6206 9.914 13.071 9.946 
6203 9.912 IU.C61 9.946 
6210 9.900 10.071 9. 949 
6212 9.897 10.060 9.953 
6214 9.894 10.058 9.949 
6216 9.887 13.362 9.949 
6219 9.889 13.061 9.944 
6220 9.887 13.363 9.941 
6222 9.886 10.068 9.935 
6224 9.880 13.061 9.929 
6226 9.877 10.055 9.925 
6228 9.873 10.063 9.916 
6233 9.867 10.061 9.914 
6232 9.860 10.055 9.912 
6234 9.853 13.343 9.916 
6236 9.850 10.044 9.922 
6238 9.846 13.041 9.921 
6240 9.841 10.031 9.919 
62 42 9.844 13.021 9.91b 
6244 9.854 13.015 9.909 
6246 9.848 13.338 9.903 
6248 9.843 9.997 9.399 
6250 9.844 10.009 9.898 
6252 9.840 10.018 9.896 
6254 9.836 13.013 9. 899 
6256 9.833 10.022 9.903 
6258 9.827 10.013 9.899 
6253 9.823 13.301 9.891 
6262 9.821 in. 004 9. 686 
6264 9.921 9.983 9.393 
6266 9.826 9.956 9. 879 
6268 9.828 9.958 9.881 
62 70 9.8 30 9.963 9.982 
6272 9.8 )C 9.964 9. 891 
6274 9.331 9.972 9.379 
6?    . 9.832 9.978 9. 884 
6278 9.33) 9.984 9.98S 
628 > 9. 827 9. 994 9. ?- 8 6 
6282 9.82) 9.974 9.993 
6284 9.824 9.973 9.991 
6236 9.824 9.967 9. 99u 
6288 9.82) 9.958 9.882 
6290 9.823 9.949 9. 9 79 
62 92 9.815 9.957 9.H7 < 
6294 9. «06 9. 952 9. 863 
6296 9. V) 7 9.94a 9.85S 
6 29* 9. 919 9. 9.! 9. -16 » 

 1 

216 

A" v»ÄvÄ- 
V '.' W/ ''••.•».>..'«*. 



Table 24 (Contd) 

ftu 

Elevation 
Station 

Left Center Right 

63)0 9.818 9.9 37 9.852. 
6302 9. 817 9.935 9.853 
631^ 9.822 9.9 37 9.849 
6306 9.815 9.934 9.355 
6308 9.8U 9.928 9.852 
6310 9.809 9.931 9.351 
6312 9.R07 9.9 36 9.847 
631 4 9.806 9,937 9,345 
6316 9.803 9.939 9.843 
6313 9.796 9.943 9.341 
6320 9.794 9.944 9.8)5 
6322 9.739 9.949 9.822 
6324 9.784 S.947 9.829 
6326 9.781 9.948 .9..83.C- 
6328 9.783 « 9.949 9.932 
6330 9.782 9.941 9. 833 
6332 9.783 9.944 9.832 
6334 9.786 9.938 9.834 
6336 9.78T 9.9 56 9.842 
6338 9.794 9.956 9.841 
6345 9.796 9.950 9.839 
6342 9.79) 9.9 54 9.8)6 
6344 9.792 9.934 9.834 
6346 9.794 9.938 9.92) 
6348 9.79) 9.923 9.826 
635) 9.784 9.931 9.925 
6352 9,783 9.921 9.826 
6354 9.78) 9.9 29 9.820 
6356 9. 779 9.924 9.8W 
6358 9.782 9.914 9.8)4 
6360 9.786 9.927 9.8C4 
6362 9.79C 9.910 9.798 
6364 9.794 9.9)9 9.799 
6366 9.797 9.9» V 9.786 
6368 9.796 9.9 .2 9.736 
6370 9.794 9.914 9.785 
6372 9.794 9 .« )6 9.764 
J374 9.790 9. J05 9.786 
6376 9.737 9.904 9.793 
6378 9.782 9.898 9.791 
6380 9.78) 9.903 9.788 
6382 9.778 9.903 9.784 
6384 9.776 9.901 9.785 
6386 9.774 9.888 9.784 
6388 9.773 9.884 9.779 
6390 9.762 9.879 »."6 

Elevation 
Statior 

_   Uft - Certer Right 

6392 
639* 

9.754 
9.74) 

9.864 
9.856 

9.779 
9,775 

6396 9.727 9.853 9.772 
6398 9.72) 9.846 9.766 
640C 9.719 9.854 9.781 
6432 9.716 9.849 9.790 
6404 9.721 9.855 9.779 
640 6 9.727 9.854 9.79.0 
640 8 9.734 9.846 9.734 
6410 9.744 9.849 9.787 
6412 9.750 9.850 9.736 
6414 9.753 9.855 9. 776 
6416 '9.757 9.8 56 9.774 
6418 9.759 9.858 9.7»3 
6425 9.758 9.862 9.771 
6*22 9.755 9.859 9.770 
6424 9.752 9.861 9.765 
6426 9.754 9.862 .9.7*3 
6428 9.751 9.(56 9.760 
643") 9.744 9.859 9.755 
6432 9.739 9.852 9.751 
6434 9.732 9.847 9.743 
6436 9.72 9 9.834 9.73 3 
643 8 9.724 9.83) 9.724 
64 40 9.721 9-831 9.720 
54 42 9..7I7 9.827 9.720 
6444 -S.J16 9.826. 9.714 
6*45 9.716 9,922 9,713 
6449 9.717 9, 822 . 9.707 
645) 9.720 9.821 9.711 
6452. .9.721. 9.927 9.713 
4454 _9._7H __V8J4_ _  i-'.TL* 
6456 . 9.721 9.83L 9.719 
6458 9,721 9» 830 9.720 
64.6) 9,720 .9.824 9.720 
6462 .9.724 9*829 9.711 
6454 9,719 .  9.327 .9,711 
_64J>6. _5,JJ)7_ _9t817. 9.710 
6469 9.698 9.912. 9.704 
647) 9. 693 9,808 9.696 
6472 9.693 9,811 9.683 
6474 9.682 9.799 9.682 
6476 9.680 9.786 9.681 
6479 9.67"> 9.777 9.680 
64 80 9.660 9,766 9.673 

.6492 9.653 9 «.758 9.663 

Elevation 

Left Center Right 

6484 _9,651 9.752 I    9.657 
9,657 6486 9.651 9.755 

6489 _9.648 9.751 9.649 
649) 9.643 9.737 9^645 

.649? -.9,641 . -9.734 9.639 
64.94 „9.636 _ 9.730 9,637 

.6% 96. _9.636 9.732 9.54.0 
6498 9,6J5 9.730 9.643 
650) 9.637 9.734 9.637 
65J)i ._?,_641_ _.?,736 _9,.6J5_ 
65 »4 _ 9.642 ~ 9.738 9.641 

-65JJ6 9.640 9.736 9.642 
65C8 9.641 9.739 9.641 

.6510 9.640 9.737 9.639 
65J2 9.6)8 9.739 9.637 

_65J4_ _9,619 _.9,736 , .1.539 
-4514 _9^6)I .9.735 9,637 

651? 9.634 9.7J3 9,635 
65J0 9.633J L   9.736J 9,638 
6522 9.627 9.740 9.637 
6524 9.626 9.733n, 9.634 
6526 9.62) 9.731 9.630 
*529 . 9,620 9.727 9.625 
6530 9,612 9.721 9.620 

. 6532. _,?,_60_8. _ 9,713. 9.616 
6534- 9,610 .9..7Q4 9.609 
6536 _.9.4')7 9,702 9.634 
6538 9.602 l    9.713 9.597 
6540 9.597 9.596 9.594 
6542 9.599 - 9'701 9.595 
6544 9.5)7 9.698 9.592 
6546 9,4^4_ .9,694J .9,591 
6543 9.6)2 9.699 9.593 

45 JjL 9.593  9.70.2. -9^500 
6552. 9,598 ._ 9s_7C6 L   9.604 
.4554. 9,598. 9,592 _9.6)A 
6556 9.590 9.704 9. CO5 
6553 9.5)1 r 9.707] 9.6)3 
6560 9.588 9.708 9.631 
5562 9.589 9.704 9.594 
656.4. 9.591 9.693.. .9.587 
6566 9.590 9.695 9.585 
6568 9.590 |_ 9.596 9.599 
657.) „9*531 . 9,702 9,594 
6572 9,597 9.701 9.593 

'   A 5 7 £» 9.39.7 9.701 9. W 
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SECTION IV 

TOTAL SYSTEM ANALYSIS 

Three different total system mathematical models have 
been formulated to perform antiskid analysis. The first 
model which is referred to as the flywheel system repre- 
sents an antiskid system installed on a wheel and brake 
which are mounted on a dynamometer. The second system, 
referred to as the three degree system, represents an 
antiskid system installed on a wheel and brake mounted on 
a rigid airplane which is allowed three degrees of freedom 
(longitudinal translation down the runway, translation 
vertically, and pitch rotation). The third system, referred 
to as the six degree system, represents a rigid airplane 
having all six degrees of freedom and equipped with a con- 
ventional single wheeled main landing gear incorporating 
independent antiskid control of each brake. All of these 
systems are created utilizing the models described in 
Section III. The basic reason for utilizing three models 
is economics. The six degree system takes at least twice 
as long to run as the flywheel system and not all antiskid 
system parameters require the sophistication of the six 
degree system. However, it might be necessary to check 
certain effects under the most comprehensive circumstances. 

The "Basic Control System" is made of the following 
models as described in Section III: 

1. :trake System 
2. Hydraulic System 
3. Wheel Speed Sensor 
4. Control System 
5. Antiskid Control V&lva 

To form the flywheel system, the "Basic Control System" 
is combined with the 3a. Airplane System (Flywheel), 4a. 
Wheel and Tire System (Flywheel), and the 9a. Runway System. 
To form the three degree system, the "Basic Control System" 
is combined with the 3b. Airplane System (3 Degree), 4b. 
Wheel and Tire System (3 Degree), 8. Horizontal Tail Con- 
trol System, and 9a. Runway System. The six degree system 
incorporates two separate "Basic Control Systems" and two 
separate 4c. Wheel and Tire Systems. These are combined 
with a 3c. Airplane System (6 Degree) which utilizes the 
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8. Horizontal Tail Control and 9c. Runway System (6 Degree). 
The model flow diagrams are shown in Figures 64 , 65 , and 
66 . When utilizing the "Basic Control Systems" with the 
six degree system, the variables communicating with the 
airplane model are reidentified to correspond to the right 
or left side of tba airplane. Thus, XAXR is XAX in the 
right side and XAXI. is XAX  in the left side. 

The high degree of modularity used in this analysis is 
desirable for three reasons. The first reason is that it 
is easy to combine the component models together to form 
different types of overall systems. This is true not only 
from modeling considerations but especially from program- 
ming aspects. As an example, the only basic change re- 
quired to accommodate a twin or tandem gear would be to 
remodel the strut in the airplane system. The second 
reason for modularity is the difficulty in being completely 
general. Should a component arise which is not described 
by the existing models, it is easy to create a new program 
for the new model without having to modify the operation 
of other systems. Thus, from the programming point of view, 
to incorporate a new wheel speed sensor for example, the 
new model program can fall back on the existing read, write, 
and logic statements of the existing wheel speed model. The 
input and output variables of the new component model are 
automatically incorporated properly into the overall compu- 
tational procedure, unless some new variables are defined. 
The third reason for using a modular approach is to take 
advantage of the different response characteristics of the 
different component models.  In the digital procedures uti- 
lized for computation, essentially a "fixed step" integra- 
tion technique is employed. The step size used in a "slow" 
responding model does not have to be as small as one used 
in a "fast" model. Thus, different component models uti- 
lize different size integration steps which minimizes the 
overall time of computation. 
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SECTION V 

SAMPLE CASE ANALYSIS 

A digital computer solution of the composite total 
system mathematical models for the flywheel and three 
degree systems have been programed and checked out.  In 
addition, during the development of the individual compo- 
nent mathematical models an analog computer program was 
used to conduct various explorations and prove the equa- 
tions. Figure 67 presents an example of on-off antiskid 
operation as recorded from the analog computer program of 
the flywheel system. The analog computer results are 
shown because they are more easily related to aircraft 
operational data. The digital computer program is a 
solution of the same equations. 
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APPENDIX I 

DERIVATION OF EQUATIONS DESCRIBING 
THE OPERATION OF THE GOODYEAR ADAPTIVE 
ELECTRONIC ANTISKID CONTROL CIRCUIT 

The mathematical description of the operation of the 
Goodyear adaptive electronic antiskid control circuit as 
shown on Figure 50  is developed with conventional cir- 
cuit analysis techniques using Kirchhofffs Laws. Figure 
68 is the schematic diagram from Figure 50 with the 

transistors and diodes shown in terms of their equivalent 
circuits and the various currents and voltages identified. 
The transistor and diode equivalent circuits are adapta- 
tions of equivalent circuits developed and described in 
references 13, 14 and 15. Some of the diode forward resis- 
tances are combined with other resistance in series with 
the diodes and are not shown separately. Also, since the 
current through Rq (the output resistance of the wheel 
speed signal source) has three non-mutually influencing 
components, R^  is included in Ra , fto& and ftu to simplify 
equations. Other simplifications will be described and 
discussed during the development of equations. 

Referring to Figure 68 , the circuit equations are 
developed as follows: 

The voltage across capacitor C( is defined as: 

(i)   Vc, -- fvc, dt 

(Al)     Vc\ -   fla/C ofi     VC{ '/}c\Cü09 

Ac\   is the current through C\ and C\ is the capacitance. 
f\c\ is established by summing currents at node w/h as: 

(NID   /4c, - Aoe- Aiz. 

Using Ohm's law and summing voltages around the loop 
of which Ko& is a part, /?09 is established as: 

(Rio)   /Joe * (EG-Va 'toe)/Ho8   FOR.LEt-tii -to*)>o 
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Noting that because of diode 0$, fog  is restricted to 
positive values only. 

To combine constants, write equation (RIO) as: 

(RIO)     floe = (£«-t&,)C*«>-tffra/    ft* (.£*•&*)>&*>/&/ 

By summing currents at Node M12,  current ftiZ is established 
as: ^^ 

(N12) rftt~rfA?t/k*l\ 

Substituting equation (N12)  into equation (Nil)   gives: 

(Nil)1      ,4-/ = AOB-AW-ACQ\ 

To compute (\c€L\  it is desirable to first obtain equations 
for the voltages at the base and emitter of GL\  in terms of 
the base and emitter currents and the appropriate voltage 
sources. The voltage at the base of 6?i is \Jfl \   .  Summing 
currents at Node (Nl) establishes current /}#] as: 

c»)     M' tfam-AM* 

Summing voltages around the  loop Rit KQfif K93   to   l/e'z 
gives:  \lf&A*\/Re8 - \Jcz-\/fit •     If the current  through 
diode 04- is assumed negligible,   then     /?/?9A = /?#0ß. 
(Because of the relative resistances,   the current through 
O4. is a very small fraction of  the current  through flee'). 
By Ohm's  law,    Y/&/) il/^93 * fiZ3A ItZ&A tflee) and 

V#t - /?/?/ d\       ,    Substitution into equation  (Nl)   and 
solving for \j^\ gives: 

(Nl) 
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The voltage at Node<N2)is  Eoz + Yxoz     .        (Here two diodes 
Oz and 03   as shown on Figure    50    are combined in an 
equivalent single diode).    Summing currents at Node  (N2) 
establishes current fioz as.' 

(N2): fiot -Ato~AfLS-fe6L\ 

By Ohm's  law,    l//?0> f/bitfjZj V/Z4 = /9*.4 &« ,   and 
(\lMA-tfa*Ä)'AR${ flb'Af %£#) (Note:    Because of the 
relative resistances,  fiflk>   is a very small component of 
the current in R$A  and is assumed to be zero when computing 
bfate •)    Summing voltages around the appropriate loops 
establishes  that   ]//Q4- |/i7-tf?0£ ~toz      and     VßS/t t fag's = 
VgQZt Eoz.      •    By substitution into equation (N2)   and 
solving for MRVI gives : 

(N2)' 

\k OZ 
[£-s<^sbs)-H 

+• 
DZ «4-        Zs*+fL*H 

Summing voltages around the loop thrc gh which /)ß$\ 
(the base of current$1) flows results in: 

(Q-i)   £oz + V/zoz -V&z - tea 1 -Eai-l/*?j~\ZA- O 

»•• 

By substituting      1^2. -/?£$l Hz   ,   l/fe?I - /fctfi fit6L\ 
amd   l&^i •= Aßa\ A?04l       (From Ohm's Law)  along with equations 
(Nl)',   (N2)',  and the basic transistor relationship 
f\ecn- thrcii-l)/?6Sl   int0 e<luation  (Q-1)  and solving for/fe?| 

<Wa 

(Q-l) '        /?£6il *  CGOZ - C.Ü03 l/cz 

Ceos-. 

1 

VsUieß* 

*X+1\-£Q\ 
#Pl   #4     fa 

O Or- ^«» ^ £ 
(hFff.ti)       (Hn '-)/(<* k)+>Ms£ JL  +-L + 1 

& 

*i 

/e( + £e 

ftesi R> 
Rx*R*«^7h^*(h^) /Q<tY{/(-ks^i) 
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And where in the above  d&- flf/it/ls/i   and £&*£0/t t Use* 

For öi to operate as a transistor, \ICSL\   must be positive. 
Using equation ($-•)'   ,  the basic transistor characteristic 
(Q2)   ACQ\ =h&i/kai/iM&,rt)aad   by writing the voltage loop 
equation through Dz Q.\,R\t,Ci and(.6<r/v/) it can be shown 
that Vbfli   is positive for   [.EG-Vet)   negative; therefore, 
equation (Q-l)'  is applicable only for   ( £f<5-/<:/) ^-O # 
Substituting (Q-l)  into (Q-2)  gives the following equation: 

(Q-1C)       ficQ, J * C<aö4 - OM VC%      FofL L fiC - &) <• O 

» <2 Fö* Iff- j/c,) -6) 

C^>r "   CM? i 

KR?< 

hfZi rl 

WF*J. 

h»=fr-/ ri 

By summing currents at node NlQ,  current ßfä is established 
as: 

(Nio)    fi/ii r /^ t Am 

To compute the components of /fa 3 (i.e,,/fe^z. and/?/^7 ) it 
is desirable to have equation (NIO) in a form where fl%n  is 
expressed in terms of the appropriate voltages and resis- 
tances. By summing voltages around the loop R/% R.i , ft?, Cj 
and GE"M,V«7is established as: 

Substituting equation (V7) along with )//& * #A1 K.3 
and V/^7 = /i/ii Hi    into (NIO) gives: 

(NIO) •   fas -   ten-    f St Uj^L 
l+*V*%        fattl)        Ifor&t) 

To combine constants write as: 

(N10)f     AA3 
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To compute current been.   , sum voltages around the loop 
through which Z?^ 2. flows: 

(Q-2)   Vy - Ifüfcte, - ECLL - fcfetfz - ^ - (£"* - i£.J = ci 

Here voltage \Jy    is the base voltage on Q2 and is either 
[V&ß-Mu)     or (\/ct-lk88-£P4)       whichever is the largest; 
therefore, there will be a version of equation (Q-2) for 
each of these conditions. To establish which condition 
exists, it is necessary to compute $/&<& - \Zfo)     and i]/ci'&flt-&f\ 

During derivation of Equation (N2)' it was observed that 
V£S/? t-V&8 - Vköi. f£0z        and it was assumed that /?£6 was 
small when compared to Rn?  . Using the same assumption 
Vdtfß   is established as follows by Ohm's Law: 

(R-5) Vteß =  /Its ß*8 

By substituting  /9#f (£f#i- #>ä) ~ Vfi.<A+^'te8 
into equation  (R-5)  above gives: 

(R-5)' V/2S-Ö -  tea [VW t-toi)/^ i-tsa) 

By substituting equation (N2)'   for  Hdox and investigating 
the influence of Ä-'ai   within its allowable range,   it can 
be seen that  for practical purposes V4&Ö  is a constant. 

To compute   VAL ,   it can be seen that /}#.<» equals   fllkii. 
when My   is lfe/3-J^6     5  therefore, Ifeu^rtfdiJL £t>      by Ohm's 
law. 

By Ohm's Law    VftfS */?&&& ßsß •    Since the current  through 
D4 is very small and may be assumed zero,  and since f\ßo, \ 
is such a small component of the current through Rl that 
it can be assumed zero,  by Ohm's Law: 

(V8) fines» fiiAA •--   MCKJ L R.X +&9A + tea) 
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Therefore: 

To establish whether Vy - 11^573- t&*)  <^£ 

A voltage VB will be defined as follows: 

(V,)   V6. [*. (&&B.) -ft.] - (fc, -A A* 

if   Ife > tf,   (VY-1)       V y = L Vb. C%7 - ^f / 

if   Vfe-e ö ,   (VY-2)      Vy r  [ V&*fi   ~ ^6 /?ßäxj 

where Crh above is defined as ; 

X7,  r *M c m /?, t Agfit&eß 

Before proceeding with the computation of /fe , the valve 
control amplifier and modulation circuit elements will be 
examined to develop equations for £vand Vet • 

By summing currents at Node (N5) current nOS" is established 
as: 

(N5) Aoz - AVA - Ac+ 

The voltage at Node (N5) is defined as VA .    Summing voltages 
around the loop |f• , %•>§>'   and \/x    gives: 

(VX) \jt r   Fl/t%+l/o^ + /:V 

(EV) £V  -   /TW Gtffr +- C407 
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By summing currents at Node(N4),  current flm is established 
as: 

(N4) A fin = Avftoi 

By substituting equations  (N4),   (N5),  and  (EV)   into 
equation  (VX)  and by using Ohm's Law to establish that 
£1/ - AvtlvJ   V/</i - flan £n and Vfof */)*$ &»t'     VX is 

established as: 

(vx)' yK = A&s- C<u)ö t C<oi 

By substituting equation (EV) into (N4) and using the 
relationships £v-A*fiv    and \fen*Mn fin    EV is established 
as: 

(N4) '    tv = Aoz C400 i- C40I 

The Operation of transistors Q2, Q3, Q5, Q6, and Q7 will 
now be considered to develop an equation for current &VA 
(Valve Control Amplifier Output Current). 

By summing currents at Node^N7) current flfo  is established 
as: 

(N7) flu- fle<n t AIL 

By summing currents at Node (J13/, current /)/(,    is established 
as: 

(N13)    W/6 r /hio t /hq 

By summing currents at Node 6*6) , current A&io  is 
established as: 

(N6)      /QAIO-*   $£%(* - /19611 

By summing currents at Node(N9) current nAtf is established 
as: 

(N9)      /fa = Acdtl -/9ßöi$- 
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Summing voltages around the loop, ß=^-| , J^-j    and K.JO 
gives: 

(VlO) vk/O "=   /£47 t £<?? t- j/ftn 

By using the relationships    \l&io - Afi.10 £«o.    \/£Ql*/teQn £c£il 
and VöQl - Aßül fall      as established by Ohm's  law 
along T ith the transistor characteristic fleon - lhf^-7 f) Aß$l 
and substitution equation (N6)  into  (VlO)  and 
solving for   ft8$) ; 

(VlO) •      ßm s    Hscus ilö - go  

By substituting  (VlO)1  and  (N6)   into the relationship 
VA10 Z AAH) HIO 

(A10)       y^w  a  ^6  £?4i>2-   f  C403&4TI 

Summing voltages around the loop RIO,  £<f£6 ^ £B&6, 

k& Ä**<  and & gives: 

(V9)    0 r ^/ö f i4ao V£QU f l4^ 1l4yr +t#s-t l/W - l//if 

\V, 

V?,' 
f. L • 

By substituting equations   (A10)  and (N9)  into (V9)  along 
with transistor characteristics    /}£4u -LkFeL+i)  ABQ.(* 

and fie*% = thftvt/) /4<?<2r and the Ohmfs Law relation- 
ships   V/L<j?A/i<i /If   ,   l£$6 -/}£ü(, £#% 6     ,   \ZSQU •= Jeu fo<2(, j 
vetf- A*r /SFS i"     and    *fofr- /äW ^dr     and solving for 

(V9)' 

fi&tB fcl " L^tUo+ECL? +C443£Q.i) 

0 £«fr+&»r      {leari-A* 
(WM) #r^/tf)(./iftf4*/) 

EO^C 
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Substituting equations  (N13),   (N6),   (N9),  and  (V9)'   into 
equation (N7) along with transistor characteristics 
Aea?^ thftVrO A*®.?      and   yfe$& = (.UFCC r/) ftßQt, 
and solving for AM gives: 

<N7)' AA - Acai C404. -dvos' 

v:\ 

K 

It should be noted that these operations involving Q5, Q6, 
and Q7 assume that Aca ? is large enough such that A\/A- is 
not negative and that the applicable supply voltages, VS1 
and VS2, are large enough to keep Vctn , vUfr    atlc* ]/CQS" 
positive at all times. The latter assumption can be 
proven to be true for the range of currents experienced 
during circuit operation. If /)cd3  is not greater than 
C405/C404, insufficient voltage is developed across R9 
to cause Q5, Q6 and Q7 to operate. For ftc<a^  less than 
C405/C404 all office  goes through R9 and Am = Aca$; 
therefore> equation (N7)' has two forms depending on the 
value of /te%3  . Write these two forms as follows: 

<N7)" 

Supply voltage VS2 is large enough so that voltages   Vco>3 
and i4#3 are always positive and a small leakage current 
Aceiio  flows.    All  the equations developed here are for 
the increment of Aw$   above the leakage value. 

By using the transistor characteristics   Aca3 - km Aßas 
Ac a.Z.   - AeQz k Ft=i. / (. k fvx *•') 

And if at Node N15 
then: 

Au¥S~0 ,   /?£#/ - dcciJL 

(Q3) 

Ifrit-Äxf 

/}cd3   =   A±4Z.   C&0(o 

n      _ LkpezJlkf&z) 

The operation of the modulating circuit element will now 
be examined. To compute valve voltage EV from equation 
(N4)' the value of current 40/* which is established by 
Equation (N5) is required. Equation (N5) shows that a 
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component of //z?r is JrCcf.  . Before developing equations for 
computing /}c4 some observations relative to the operation 
of C4 and Q4 are helpful. 

By summing currents at Node (N8) current Ac+ is established 
as: 

(N8) Ac* - A An -Any* t 

However, because of diodes D7 and D9 currents /l&i\   and /M'^- 
have limitations depending upon the direction of voltage 
across the diodes. Summing voltages around the loop C3, 
Rll, D9, C4 to VX gives: 

(Vll)     VCS + I/AH +£0*rt/cf-&=O 

Substituting equation (Vll) into the expression 
y&\i*/UhR.k*&  established by 'jhm's law gives: 

(vll)1     /)„ Vi~ \lty- -£w ~\/ci ,./, i/     ,     , i   v 

Because of D9, /}J^,I -  O ftUL 1/K ~&f -£&i 'h)-0 

Summing voltages around the loop C3, R12, D7, C4, to VX 
gives: 

(vi2)      Vcj -l/kiz -Eroi+l/c* -I/K ~d 

Substituting equation (V12)   into the expression 
V/lil-AfaLRiLas established by Ohm's  law gives: 

/< 

Because of D7 fifoi - (j FOIL ()/ti£*7der* l/i)-0 

Summing voltages around the loop C3 through Q4 to C2 gives 

(V-Q4)        VC3'tfto4-£Q4--&44 ~^c*- ~° 
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Since the currents nßQ.4  and Ae%b  in transistor Q4 are 
restricted to positive values only, voltages VBQ4 and VEQ4 ar 
are always positive; therefore, equation (V-Q4) shows that 
VC2 is always less than VCq by an amount at least equal to 
EQ4. Also, because of diodes D7 and D9, no current can 
flow from C3 through Rll, D9, D7 and R12 to C2. For these 
circumstances, it is observed (1) that £QY/)C4  positive, 
all of 4c4  passes through Rll and all of /lfm  is /\c4 
and (2) that for /)e<f-  negative, all of Wc4 passes through 
R12 and all of /?*»*- is - Act-, 

Since there cannot be positive n£H   and positive rr&lZ. 
simultaneously, equation (N8) evolves to: 

(N8) '    fie* ~ /?*// 

Ac* s o 

ftc4 - -MIL. 

Fc/1 AAU >ö 

Pod ftk\z>0 

yv 

By substituting equations (N5), (VX)! and (N7)" into 
equations (Vll)' and (V12)', equations for Ac4 are 
developed for each case. 

The remaining equations for the modulation circuit element 
will now be developed. Substituting the expressions 
V/J#4 -Am* ÜW4 and ^?4 -Aea4- fe<*4 as established by 
Ohm's law along with the transistor characteristic 
/?f<$4- - lKi^4 H) A-ßd4- into equation (V-Q4) and solving for 
koto  gives: 

(V-Q4)' 
ABM ~     \IC3 -&Q4 ' I/** 

- 0 r=&*.[)/ii-£<i4^c^ - ö 
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To combine constants, write equation (V-Q4)  as: 

(V-Q4)     /fog«. - {l/ci -l/u) CG2Z -CG23 

- o 

Also, since current AEQ4 is needed, define the transistor 
characteristic as equation Q4: 

where €&/</• -(ntt+rl 

By summing currents at Node 6|14) current fict is 
established as: ^~^ 

(Ni4)     /)cz = Am* - A&\x- Ans* 

Using the same assumption relative to ffktifr as was made 
for equations   (Nl) f  and  (V8)  and by Ohm's Law   /}£f# 
is  established by equation  (V8)  as: 

(V8)        fin* 
/?< tgfa f/irs 

(Repeated) 

By summing currents at Node (N3)current fic.2 *s  established 
as: 

(N3) /)cj -   ///Z/rfi/Z/4- -$Sm 

Current /?/(>/f is computed from    1/4'.? = flfLM A/4- 
established by Ohm's  law and fiß#4   is computed from 
equation  (V-Q4)'  and Equation  (Q-4). 

k 
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Equation (N8)' establishes that: 

~ ö FOA. Ac4 2- Ö 

Ata ~~ fie* 
FO/L   Ac4-0 

Substituting the above and equation (V8) into equation 
(N14)  gives: 

(N14)'      AtL-#**+ + Ac*-tilCvt    füA.Ac4^ö 

-   /)e$4 - l/cz Cut Fot> Ac* 2- 4 

Similarly, by substituting the above rlfU\ to /fC4 
relationship and ]/cS"AjU4- /6/f into equation (N3) 
f\cz is established as: 

(N3) '      /jc3 -- /)c4 - l/c3 C6/9 - /4M4 R)A/?*4>0 

-  - )/cs Cert - /I#44 Ftyz Act ±O 

The voltages across capacitors C2,  C3 and C4 are established 
by: 

(2) Vcx =   fvc'z dt 

(A2) 

(3) 

(A3) 

(4) 

vCz~      <-6o9 Ad. 

\JC3   --       Ci/0 Acs 

Mt ci = tilltt 
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v. 

7KV 

(A4)     )/e4  = ffrs rfCjf 

All of the equations describing the antiskid circuit's 
operation have now been developed; however, to obtain a 
computer solution of these equations, they have to be 
converted to a suitable form so that there are no "closed 
loops." Also, since the equations for rfs#z./ A'*# <2nJ tfcf 
have different forms depending upon which circumstances 
exist, a procedure must be established to define which 
form of equations (Q2), (N7)" and (N8)' applies for each 
instance. There are twelve (12) possible combinations of 
circumstances as shown on Table 18 , The procedure for 
defining which condition exists will be to assume a condi- 
tion and develop a set of equations based on the assump- 
tion. Using these equations, the assumption will be 
tested.  If the test is affirmative, the assumed condition 
exists. If the test is negative, the assumption is 
incorrect and other assumed conditions are tested until 
an affirmative test result is obtained. To illustrate 
this procedure, the equations for circuit condition 4 will 
be developed: 

For circuit condition 4 /W is positive,/jat3 greater than 
C*x/C4o4 and VB greater than zero. Substitute equation (N5) 
and the applicable version of equation (N7)" into equation 
(VX) 

(VX) ' -4 V< - ( A C$3  £W • ^W - Ac4\ &o0 t Cvti/ 

From equations (N8)f and (Vll)' A?4 is established as: 

(N8)' -P   /fc4~    VK-&4-£**-&* 

Substitute (VX)'-4 into (N8) ' -P and solve for /fc4 

(N8)f-P4 

Act  = d*£l C+ö+C«OG  _ jlii + l/cs)  _ Ub4+£¥*f&»-6fyu) 
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Now substitute equations (N5), (N7)" and (N8)'-P4 into 
equation (N4)' and solve for EV 

(N4)*-4 

£V =  ——        ftctrt &M RuC&t» +• [)k+*&i)C«* -(<W/n -£p<i rC+><)C«o<, 

Substituting equations  (N4)'-4,   (N10)',   (Vy-1), 
and (Q3) into equation (Q-2) and solving for Aaca. gives: 

(Q-2) -4   4#%z * - (ft -A ) Cm rt4 C«>* - (jfofh) C¥s-t •+• Cut 

Substituting equations (Q-2)-4 and (Q3) into equation 
(N8)f-P4 gives: 

(N8) ' -P4  fa a . ^ ^ ] C^1Z f]/CiC w - (fa t fa} Cm . U 7r 

Substituting equations (Q-2), (N10)' , (N4)f-4, and (Vy-2) 
into equation (VB) results in: 

(VB-3,4)   Vt = l/ci Cm-Cm U*-k) - Cut [/cj t »U) tCUC 

Now using equations (VB)-4, (Q-2)-4, (Q3) and (N8)'-P4 
the assumption that /)c4->0, ACQI > C *k^Jc^o^ <3üJi Vß > 0 
can be tested.  If the test is affirmative, then values 
for Ac<±  , f\&$  and EV can be computed.  If the test is 
negative another condition must be tested for. 

Tables 14, 16 and 17 are a summary of test equations 
developed in the same manner as above. Since equation 
(Q3) establishes a linear relationship between A&az  and 
Aco.1  and since rfgoiz. needs to be computed as a step in 
the computation of/fo, the test equations for /)cai will 
be performed implicitly by computing AEQ.1L and comparing 
its computed value to C607 where C607 is defined as: 

C607 = C+oS* 

(C«04.)LC606) 

Currents rf*4-  and /te$is  are computed using the applicable 
test condition equations. 
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As shown on Figure 49 the locked wheel prevention cir- 
cuit elements also have an input to the valve control 
amplifier. In the equations thus far it has beenassumed 
that the locked wheel skid signal 9AL\NS at node (fä3), is 
zero. When computing the valve voltage, it is necessary 
that the non-zero value of fitws  be accounted for. If fitwi 
is not zero then equation (Q3) is: 

(Q3-D       flcn - C&n /?mt * \\P£S/}L lA/jl 

Since ALMS  is a two valued variable (i.e. either zero or 
the value required to drive the amplifier as necessary to 
achieve full brake release) insofar as valve 
voltage computation is concerned, it can be considered as 
a current which can be added to /?*$£ in Equation (Q3). 
If we define a current AVAZ   > valve amplifier input 
current, as: 

(LW-1)   /lv/)Z-   A eat. t ALWJ 

and'treat this current like /teat,  in equation (Q3) and if 
we substitute equations (Q3) and (N7)" into equation (N5) 
an equation for computing /for is formulated for each cir- 
cuit condition. Current Aos  is then used in equation (N4) 
to compute EV. Table 15 lists the version of equation 
(N5) which is to be used for computing current /tos* for 
each circuit condition. 

Since the variables EG and VC1 are always used in the form 
of their difference, we will define the difference as 
equation (5) 

(5) £*•-& = fa-fa) 

For the cases where the antiskid control circuit mathe- 
matical model is used with the flywheel system or three 
dimensional airplane system, the flywheel velocity, VF, 
or the airplane velocity, X, as applicable, will be used 
as the airplane speed reference circuit element. The 
wheel speed comparison element will be described as follows 

ALWS = Con     Pot.   \/F >C&/g AM £$ < C6'(> (6) 

-   o F-U/L    \Jp ~C'6/jr OfL   b£ >  CiolG 

MSv. 
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